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ABSTRACT
A SPECTROSCOPIC STUDY OF DISCONTINUOUS FIBER COMPOSITES
FEBRUARY 1991
CUN FENG FAN, B.S., PEKING UNIVERSITY
M.S., PEKING UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Shaw Ling Hsu
Various important aspects of discontinuous fiber composites have been studied in
detail both experimentally and theoretically through a model composite containing
polydiacetylene (PDA) single crystal as the reinforcement fiber and epoxy resin as the
matrix. The aspects encompass varying degrees of fiber behavior as well as fiber/matrix
interaction, such as compressive behavior of the reinforcement fiber, geometry effects of
the fiber on the stress distribution along the fiber, fiber orientation, residual thermal stress,
and the role of fiber/matrix interfacial properties on the performance of composites. The
primary experimental method used in this investigation is the Raman-mechanical
spectroscopy technique, which is capable of measuring with great sensitivity the axial
surface strain distribution along a individual reinforcement fiber embedded within a matrix
upon application of an external load. The central thrust of the theoretical calculations
consists of finite element analyses, but are supplemented by several other models as well.
Similar to most otiier highly anisotropic crystalline fibers, the compressive failure
mode of the PDA fiber used in this study is the formation of readily observable kink bands.
The critical compressive strain of the fiber was found to be 0.3%. By monitoring the
behavior of tiie C^C bond frequency in PDA in response to applied compressive loads, the
stress along tiie fiber can be determined leading to the establishment of a calibration curve
describing tiie relationship between tiie frequency change of the bond and the compressive
strain due to residual tiiermal stress caused by differences in tiiermal expansion between
fiber and matrix. This tiiermal stress will cause fiber compressive failure if tiie critical
vi
compressive strain is achieved. A quantitative analysis of the data reveals that no slippage
occurs at the fiber/matrix interface during the build-up of thermal stress, indicating that at
the interface perfect bonding exists
The geometry of the fiber was found to play a significant role. Both experimental
and finite element analysis demonstrate the advantage of tapered end fiber over the ordinary
blunt end fiber, i.e. fiber with a uniform diameter. The former basically eliminates the end
effects which commonly occur in typical short fiber composites. The merits of tapered end
fiber include the following aspects: higher stress transfer efficiency from matrix to fiber,
lower or no matrix stress concentration near the fiber end, and a concentration of the
interfacial shear stress at the fiber/matrix interface. The use of tapered end fibers may
reduces the potential of end failure (either matrix or interface) in composites.
The experimental apparatus constructed in this study allows the measurement of
tensile strain distribution of the fibers orientated at any angle with respect to the draw
direction to be determined accurately. A misaligned fiber, as expected, will reduce its role
as a reinforcement material. Furthermore, the compressive failure may be introduced in
those fibers which are oriented at large angles to the draw direction due to the lateral
shrinkage of the matrix. This orientation effect is also analyzed with the Eshelby
equivalent inclusion method.
The effects of fiber/matrix interface on the composite performance are studied by
coating the fiber surface with a matrix release agent. For a thm layer coating of the fiber, it
was found that the tensile strain distribution along the fiber was unaffected, and so by
extension neither would the modulus of a composite in fiber axial direction be affected.
This observation indicates that for most composite systems perfect bonding is easily
formed at tiie fiber/matrix interface as far as tensile stress transfer is concerned. The less
efficient stress transfer observed for thicker coatings is attributed to the bulk failure of tiie
coating material by tiie fmite element calculations.
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CHAPTER I
INTRODUCTION
Overview of Dissertarion
This is a study incorporating a polydiacetylene fiber in an epoxy matrix as a model
composite to enhance our understanding of discontinuous fiber composites, by
investigating some often asked and very important questions for this type of material. It is
a combination of both experimental work and the appUcation of existing theories.
Experimentally it takes advantage of a newly developed technique, Raman-mechanical
spectroscopy of polydiacetylene fiber which is able to probe tiie micromechanics of this
short fiber composite, providing information which was not available previously by other
means. At the same time considerable effort was directed towards providing theoretical
explanations for experimental observations. Finally a very useful stress analysis method,
the finite element method, is used to perform a comprehensive analysis of the model
system. It not only confirms experimental observations but also explores the problems
beyond the scope of the experiments.
This dissertation contains seven chapters. Chapter I is a general introduction which
presents the background of this study and the outline of the approaches to the problems
concerned. It also outiines the most commonly used theory detailing the stress distribution
along fiber in model composites, allowing one to have a clear picture of tiiis system at the
very beginning.
Chapter n deals with the study of residual thermal stress in model composites by
Raman-mechanical measurements. However before one can approach this problem, the
compressive behavior of the fiber itself has to be determined first. After the establishment
of a calibration curve describing tiie fiber's compressive response and the critical
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compressive strain, the entire history of residual thermal stress in the model composite is
studied. The consequence of this thermal stress is discussed in some detail.
Chapterm is mainly concemed with the fiber geometry effects on the properties of
the model composite. The axial strain distributions, introduced by the internal residual
thermal stress or an externally applied stress, along the fiber with two different end shapes,
are measured with high spatial resolution. A very distinctive difference is observed. Two
models are used to explain the experimental results.
In Chapter IV we study a common problem in discontinuous fiber composite: the
effect of fiber orientation. With a well designed experimental set-up the strain distribution
of a fiber oriented at any angle with respect to the draw direction can be measured, such
that the contribution of each individual fiber can be accurately evaluated. Calculated results
obtained from several different models, such as the affine deformation model, tensor
transformation method and Eshelby equivalent inclusion method are compared with
experimental observations. The relationship between orientation effect and other
parameters such as fiber aspect ratio, moduli ratio between fiber and matrix are also
presented in this chapter.
Chapter V involves a very important, albeit more controversial, problem in short
fiber composites, i.e. the effect of interface or interfacial adhesion. This problem is
approached through an unconventional way. Fiber surface is coated with a matrix release
agent and the fiber tensile strain distribution is measured. The quantitative relationship
between the coating thickness and the stress transfer efficiency in the model composite is
established. A possible explanation for the observed results is presented.
Chapter VI provides a comprehensive study of the model composite system by
finite element analysis. It begins with a comparison between anisotropic fiber (the fiber
used in the experiments) and isotropic fiber (the assumption made in the calculations of
other models used). Then calculated results regarding the effects of fiber geometry , matrix
2
modulus
,
and fiber surface coatings are presented in detail. Finally, a possible mechanism
of the failure process of discontinuous fiber composite is discussed.
In the last chapter of this dissertation, Chapter VH, some interesting perspectives
for further development in this area are discussed. Possible future work based on the
accomplishments achieved at this stage is recommended.
Composite Materials
Composite materials typically consist of two parts: reinforcement material and
matrix. The function of reinforcement material is usually to increase the stiffness and
strength of composites while the matrix acts as a binder and transfers appUed load to the
reinforcement material. The birth of the idea to combine the merits of different materials,
one a strong reinforcing material and the other a supporting matrix, to produce a new
category of material, the composite, goes back to a very early time of human history. One
of the earliest man-made fiber composites may have been building blocks made with straw
as the reinforcing fiber dispersed in a mud matrix. ^ For so many years, this brilUant idea
has never changed and has always directed scientists and engineers to search for new
materials satisfying particular needs although specific reinforcement materials and matrices
have been improved or invented from time to time.
There are many varieties of reinforcement materials and matrices allowing
production of composites ranging from construction materials, like steel rod reinforced
concrete, to high performance polymer composites, consisting of graphite fibers and epoxy
resin. A particularly important position is occupied by the reinforced polymer composite
because of its unique high ratio of modulus and strength to density. This kind of property
is especially desirable for the materials used in the aircraft and aerospace industry, where
the bulk of the advanced polymeric composites are consumed in the United States.^ High
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performance fiber composites are also broadly used in other industrial products, sports and
recreational equipment, and increasingly, in automobiles.
The extensive use of fiber composite materials challenges us to have a clear
understanding of the science related to this important and exciting area. A question raised
more than decade ago, "What scientifically motivated studies still need to be carried out on
fiber composites?",3 is still a question we often ask today. Despite all the progress
achieved there are many important basic questions that remain unanswered because of
limitations in experimental methods to provide answer to these questions or to verify
calculations obtained by theoretical means.
Commercial fiber composites are basically produced in three forms: unidirectional
lamina; laminate (both incorporating continuous fiber)^; and discontinuous fiber
composites. Discontinuous fiber composites are important because they enhance the ability
to make products with complicated shapes, simplify the fabrication procedure and, as a
result, lower manufacturing costs. However, because of the complicated interaction
between fiber and matrix, they remain one of the least understood areas in composite
technology.3
The objective of this research is to use vibrational spectroscopy and finite element
analysis to understand various fundamental aspects of discontinuous fiber composites.
Some of the problems studied here may be appropriate only for discontinuous fiber
composites, such as the effects of fiber ends and fiber orientation distribution, while others
may be generally applied for all kinds of composites, such as interfacial effects in
composites. We do believe all of these are very important questions. They are raised with
the goal of improving the performance of real composites. The knowledge gained in this
study not only has its scientific value but may also help us to solve problems in commercial
composite products as well.
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Fiber Stress Distrihntion in Short Fiber Composite.
Fiber stress distribution is fundamentally important because it is directly related to
the load carrying ability of reinforcement fiber, which determines the stiffness or modulus
of composites. In the case of discontinuous fiber composites the stress distribution on
fiber is nonuniform (there are exceptions as we will find later). External load must be
transferred from matrix to fiber through interfacial shear near the fiber ends. Until this
transfer is complete the tensile load on fiber is always less than the value at the middle of
the fiber. The goal of this study is to measure the exact fiber tensile stress (or more
precisely the fiber tensile strain) distribution on an individual fiber embedded in matrix and
thereafter to evaluate the efficiency of reinforcement fiber under different conditions. For
the purposes of grasping the basic feature of this problem, the conclusions of a well
accepted theory are presented here.
The first and also most used theoretical calculation of fiber stress distribution was
given by Cox in 1952.^'^ Since then the hyperbolic cosine shape has been generally
accepted as a basic description of fiber stress distribution. By assuming perfect interfacial
bonding, no load transfer at fiber ends, and elastic behavior of materials, this theory yields
the following fiber tensile stress and interface shear stress distribution:
Of = Ee[ 1 -coshp(l/2-x)/coshpV2] (1.1)
X = l/2Eerfp[sinhp(l/2-x)/cosh(3l/2] (1.2)
where E is fiber modulus, e is composite strain, 1 is fiber length, and rf is fiber radius.
P=[H/(7crf2E)]l/2 and H=27cGm/ln(ro/rf), where Gm is the matrix shear modulus and ro is
the mean separation between fibers. For a single fiber composite, ro equals half of the
matrix width. The calculated stress distributions'^ are shown in Figure 1.1.
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The basic features of the distributions are that the tensile stress of the fiber is zero at
its end, gradually increasing toward the middle of the fiber, reaching a maximum at a
particular length called the critical length, while the interfacial shear stress has its maximum
value at the fiber end then gradually reduces to ahnost zero at the middle of the fiber. Two
immediate consequences of this distribution are that in order for the fiber to bear maximum
load it must be longer than the critical length Ic, and the high interface shear stress near
fiber ends may cause interfacial failure.
In this study we will examine these feamres in detail. After studying thermal stress
in the composite we investigate the effect of fiber geometry on the stress distribution, fiber
orientation as well as the influence of interfacial properties. We wish that our
understanding of this type of material will be gready enhanced through this study.
Raman-Mechanical Spectroscopy
Polvdiacetvlene Fiber/Epoxy Model Composites
The system we will investigate is a polydiacetylene (PDA) fiber/epoxy model
composite. The structure of the PDA fiber used in our study is shown in Figure 1.2. PDA
fiber is a macroscopic single crystal obtained by solid-state polymerization of monomer
single crystal. Fiber-like polymer single crystal can be as long as 3 cm with a cross section
on the order of 10"^ cm^. This kind of single crystal fiber, first synthesized in 1969 by
Wegner,^ has been made in our laboratory.
The epoxy resin used in this study is Shell's Epon 828™ with diethylenetriamine
(DETA) as the curing agent. Their chemical structures are shown in Figure 1.3. The
reason to choose this fiber/matrix combination is that the system can be cured at different
temperatures, from room temperature to 120 ^C, and most importantly it is an excellent
system to be studied by Resonance Raman-mechanical spectroscopy. A model composite
7
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FIGURE 1.2 Sclieinatic structure of poly (2,4-hexadiyne-l, 6-diol bisphenyl
urethane).
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FIGURE 1.3 Schenialic structure of Epon 828 (matrix) and DETA (curing agent),
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usually only contains one to two fibers. This is certainly a well defined system although it
is a much simplified one.
Raman-Mechanical Spectroscopy
Raman-mechanical spectroscopy is the combination of Raman spectroscopy with
mechanical measurements. It has been proven to be an excellent tool to study
reinforcement fiber and its model composites.9- 16
Raman spectroscopy deals with the phenomenon of a change in frequency when
light is scattered by molecules, with this frequency change corresponding to vibrational or
rotational transitions of the scattering molecules. Infrared and Raman spectroscopy are
often complementary. The most intense infrared bands are usually those arising from
vibrations which change the dipole moments, such as O-H, N-H, and C=0 bonds, while
the most intense Raman bands are due to the vibrations involving a change in the
polarizability of those bonds which have nearly symmetrical charge distribution, such as C-
C, C=C,C=C, and S-S. From the structure shown in Figure 1.2, it is clear that Raman
spectroscopy is an excellent tool to study the backbone vibration of PDA molecules.
The backbone vibrations of PDA, particularly the OC stretching vibration, are
very sensitive to the stress acting along the fiber. The frequency change varies linearly
with strain over a large range with a slope of about 21 cm"v%, as shown in Figure 1.4.
Therefore PDA single crystal fiber can be used as an "internal strain gauge" capable of
measuring strain as small as 0.05% for a PDA fiber embedded in a matrix. When the fiber
in this model composite is subjected to stress caused by either an applied deformation or
thermal residual stress, the C=C backbone stretching frequency shifts to higher or lower
frequencies depending on whether the stress is compressive or tensile in nature. The
frequency differences between the deformed fiber and the stress-free fiber will give the
sign and the magnitude of the fiber strain.
10
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FIGURE 1 .4 Band maxima of the Raman bands of a single crystal fiber of p-HDU: (a)
C=C stretching; and (b) C=C stretching versus macroscopic strain.
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The reason that this system works so well is because of the resonance Raman
effect^^ associated with the PDA backbone vibrations which greatly enhances the Raman
scattering intensity. The matrix consisting of the epoxy resin and the curing agent is
essentially transparent and has minimal fluorescence. In addition, the spatial resolution of
the Raman technique can be extremely high, with individual data points as small as 10 |im
apart. For these reasons, the PDA/epoxy model composites can be used to test some of the
most fundamental assumptions used in modelhng stress distributions in composites.
With our special experimental set-up we are able to investigate the interesting
problems presented in the previous sections: namely the effects of fiber geometry by using
differently shaped fibers, the fiber orientation effect by embedding fiber at various angles,
and the effect of the fiber/matrix interface by coating fiber with different materials.
12
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CHAPTER n
COMPRESSIVE BEHAVIOR OF REINFORCEMENT FIBER
AND BUILD-UP OF THERMAL RESIDUAL STRESS
Introduction
The overall properties of high performance composite materials depend on the
individual property of the reinforcement fiber and matrix. ' In many applications, the
relative dimensional change of the reinforcement fibers and the matrix as a function of
temperature, need to be considered carefully as well. Because the substantial differences
usually exist between the high fabrication temperature and the temperature at which most
composites are used, residual stress, arising from the difference in thermal expansion
coefficient between the fiber and the matrix, can cause severe failures in fiber reinforced
composites.2 The thermal expansion coefficient of the matrix is usually larger than that of
the fiber and may even be of opposite sign. When the composite is cooled down from the
high processing temperature, the thermal residual stress build-up on the fiber will be
compressive in nature. Radial compressive stress on the fiber increases the friction force
between fiber and matrix, strengthening the bonding at the interface, and improves the
ability of transferring stress from matrix to fiber. This stress transfer is the basic
mechanism for which reinforcement fibers are used in composites.^'"^ On the other hand,
stress in the fiber axis direction may cause compressive failure in the fiber, which will
lower the overall performance of the composite.^ Several models based on assumptions
and thermal/elastic constants, have allowed a general profile of thermal residual stress
build-up in both fiber and matrix to be calculated.^'^ Experimental data reported in
literature, however, are mostly concerned with the build-up of thermal residual stress only
in matrix.8"^^ In very few exceptions, photoelastic measurements have measured the
thermal residual stress buildup on the fiber. ^ ^ The lack of sensitive techniques to measure
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stress in the reinforcement fiber accurately leaves the stress distribution or its increase to be
unanswered.
It has been demonstrated that a Raman spectroscopic technique can be used
effectively to measure the strain on the polydiacetylene (PDA) fiber in a model
composite.12.13 xhe backbone vibrations, particularly the C=C stretching vibration, are
very sensitive to the stress acting along the fiber. As previous studies have shown for one
poly(diacetylene), the frequency change varies linearly with strain over a large range with a
slope of about 21 cm-V%.^'^ Therefore p-HDU single crystal fiber can be used as an
"internal strain gauge" capable of measuring strain as small as 0.05% for a PDA fiber
embedded in the matrix. When the fiber in this model composite is subjected to stress
caused by either an overall deformation or thermal residual stress, the OC backbone
stretching frequency will shift to higher or lower frequencies depending on whether the
stress is compressive or tensile in nature. The frequency differences between the deformed
fiber and the stress-free fiber will give the sign and the magnitude of the fiber strain. The
reason this system works so well is because of the resonance Raman effect associated with
the PDA backbone vibrations which greatly enhances the Raman scattering intensity. In
addition, the spatial resolution of the Raman technique can be extremely high, with an
individual data point as small as 3 mm apart. For these reasons, the PDA/epoxy model
composites can be used to test some of the most fundamental assumptions in modelling
stress distribution in composites.
Most of the past studies on the PDA/epoxy system are based on using PDA's
vibration frequency versus tensile strain relation as a calibration curve to measure fiber
strain which in principle is only suitable for tension experiments.^ 2' In the smdy of
thermal residual stress buildup, the stress on fiber will be compressive in nature. Although
the effect of resin shrinkage in PDA/epoxy model composites has been studied recently'
very little information is available to describe the compressive "calibration" curve for the
PDA fiber. In our previous study, it has been noticed that in the PDA fiber/epoxy
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system when a completely cured sample was cooled from room temperature to
temperatures below 0 ^C, the frequency versus temperature curve departs from a linear
relationship. 16 This strongly suggests that the thermal residual stress, when it exceeds a
certain value, will introduce some changes in the fiber or at the fiber/matrix interface.
In this study, we intend to clarify PDA fiber's behavior under a purely compressive
strain. A calibration curve of PDA triple bond vibration frequency versus compressive
strain has been obtained. At the same time the compressive failure mode of the PDA fiber
was found. We then studied the build-up of thermal residual stress. Finally, the strength
of the fiber/matrix interface was obtained by comparing the experimental data with our
estimate. Our results are reported here.
Experimental
The PDA fiber used in this experiment is poly(2,4-hexadiyne-l,6-diol bisphenyl
urethane), denoted as p-HDU. Its structure is shown schematically in Figure 1.2. The p-
HDU single crystal fiber was synthesized in our laboratory following the procedure first
developed by Wegner et.al.^^ HDU monomer was synthesized by reacting 2,4-
hexadiyne-l,6-diol (HOCH2C=C-C=CCH20H) and phenyl isocyanate ((t)-NCO). HDU
monomeric (modification 11) single crystal fibers were grown in total darkness in a
water/dioxane mixture solution kept at 48^0. Initially, the HDU/dioxane solution was kept
at 920C, then boiling water was added to this solution before cooling to the final
crystallization temperature. P-HDU single crystal fibers with metallic luster were obtained
by solid-state polymerization of the monomeric crystals by using UV radiation and then
annealed at lOO^C in vacuum. The structure ofp-HDU fiber was characterized by wide
angle x-ray diffraction (Figure 2.1) and Raman spectroscopy (Figure 2.2). Fiber-like
polymer single crystals can be as long as 3 cm with a rectangular cross sectional area in the
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order of lO'S cm^. Defect-free fibers to be used for compressive study or thermal residual
stress studies are selected under an optical microscope.
Compression experiments were conducted by bending an elastic transparent PMMA
bar on which a p-HDU fiber has been glued as shown in Figure 2.3. The frequency
change caused by the shrinkage of glue (Krazy Glue™) is less than 1 cm-l and will not
affect the general frequency-strain relation of p-HDU fibers. When the bar is bent, a
neutral face exists inside the bar parallel to the two external surfaces(inner and outer), on
which no net strain or stress exist. ^8 Departing from this neutral face in the radial direction
there will be a compressive strain if the position is closer to the inner surface. Conversely,
tensile strain exists at positions closer to the outer surface. The maximum compressive and
tensile strain occur at two external surfaces. If there is no slippage between the fiber and
the PMMA bar, neglecting a very small error caused by the thickness of fiber, the fiber
strain will be the same as the strain of the bar surfaces. The fiber strain can then be
measured accurately by bending the PMMA bar. The samples were examined by optical
microscope before and after each Raman measurement.
Thermal residual stress studies were performed by embedding a single p-HDU
fiber in epoxy resin cured at different temperatures and then cooled to specific
temperatures. Raman spectra were recorded at approximately 15 °C intervals during
cooling. Shell's Epon 828™ was used as matrix with diethylenetriamine (DETA) as a
curing agent. The amount of DETA used is determined by the stoichiometric ratio of the
curing reaction. Three curing temperatures, 20, 60, and 100 °C, were chosen. Curing
time at each temperature is 7 days, 8 hours and 2 hours respectively. From our previous
experience, the curing is complete for these time intervals.
The sample of a model composite with a single fiber embedded in epoxy resin was
prepared in a Teflon mold. After being cured in an oven at a specified temperature and
time, the sample was then transferred into a Raman sample cell which had been previously
set to the temperature identical to the curing temperature. The main purpose of this
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(a)
FIGURE 2.3 Bending experiment used in this study: (a) undeformed bar with the
fiber glued to the top; (b) deformed bar.
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experiment was to monitor the exact process of thermal residual stress build-up during
temperature changes. Therefore, considerable caution was taken to prevent any
temperature drop during the process of transfening the sample from the oven to the Raman
sample cell, particularly when the experiment was done at higher temperatures (60 and 100
oC). Any significant change of temperature will produce thermal stress which may cause
some buildup of stress well before the start of the desired experiment.
The Raman spectrometer used in the experiments is a Jobin Yvon instrument
HG.2S with a He-Ne laser (excitation wave length 6328A). Neutral density filters are
used to reduce the laser power to be less than 5mW at the sample to prevent any fiber
damage due to laser heating. The Raman spectra of C^C stretching vibration of p-HDU
single crystal fiber for several initial strain values were plotted in Figure 2.4.
A Olympus BH-2 polarizing microscope was used for the observation of p-HDU
fibers prepared in these model composites.
Results and Discussion
Fiber Critical Compressive Strain and Failure Mode
The compressive behavior of the fiber needs to be well understood. In most
experiments, the effective strain cannot be measured easily or accurately. In our current
study, this deficiency is largely overcome by measuring the strain associated with the
sizable bent transparent PMMA bar. Using the schematic drawing shown in Figure 2.5,
the compressive strain of the fiber glued to the transparent PMMA bar can be calculated
from the following relationship:
e = (L'-L)/L = -l/2h/p (2.1)
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FIGURE 2.4 Raman spectra in the 2100 cm'^ region obtained for the p-HDU fiber
at several initial compressive strain values.
22
FIGURE 2,5 Schematic drawing for calculating compressive strain for a bent bar.
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where L is the length of a neutral face, L' is the length of the compressed inner surface, h
is the thickness of the bar, p is the radius of the arc which has the length of L. The tensile
strain at the outer surface can be obtained by changing the sign to 1/2 h/p. The thickness
of the bar, h, can be measured with a micrometer and the curvature, p, can be obtained by
fitting the deformed bar to a series of arcs with known radii. The accuracy of the strain
induced in this manner can be checked by comparing the tensile stress data from our
bending experiment (shown in Figure 2.6) to the ones obtained by applying a tensile strain
by stretching p-HDU fiber directly thus demonstrating that the experimental method used in
this study is a very reliable one.
The data of variation of the C=C bond stretching frequency versus compressive
strain of p-HDU fiber were obtained from nine individual fibers shown in Figure 2.7. The
curve shown in Figure 2.8 is the average of these. The initial linear slope of Raman
frequency against strain is the same in both tension and compression. In all cases there
seems to be a critical strain value beyond which compressive failure may occur in p-HDU
fiber. It is clear that the frequency changes with compressive strain linearly up to
approximately 0.30%. For compressive strain exceeding this strain value, the frequency
increase will depart from this linear function, becoming independent of strain, and may
even begin to drop for higher strain values. In an earlier study,^^ the critical value was
found to be 0.22%. The difference may be due to a different PDA fiber used.
It should be emphasized that the data shown in Figure 2.8 is an indication of the
general behavior of how C^C stretching vibration changes as a function of compressive
strain. Qualitatively speaking, all p-HDU fibers exhibit this kind of stress-strain behavior.
However, it is not possible to conclude from our data that the critical compressive strain for
p-HDU is 0.30%. Compressive failure is extremely sensitive to the local "structural"
defect and therefore may vary considerably. It can be seen in Figure 2.8 that the frequency
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variation in the 0.30%-0.70% compressive strain range is considerably larger than the
values obtained in the initial linear range. No two fibers have an identical frequency-strain
dependence in the high compressive strain range. Some fibers begin to show the signs of
compressive failure for strain values as low as 0.28% and some other fibers may exhibit
this departure from linearity at values as high as 0.40%. How the frequency varies beyond
this critical value differs somewhat from sample to sample as well. Some fibers show a
complete absence of strain dependence to a mild decrease with increasing strain.
The value of 0.30% was regarded as an apparent critical compressive strain in our
analysis for two reasons. First, for all of the fibers studied, the beginning of the non-
linearity in the frequency-compressive strain curve is approximately at this value.
Secondly, the frequency in the strain range larger than 0.70% is a constant in most cases.
All the fibers studied were examined under the optical microscope before and after
the Raman experiment. The reason for the departure frequency change deviating from a
linear departure for strain values larger than the critical one was found to be associated with
the formation of kink bands on p-HDU fibers as shown in Figure 2.9. This kind of
compressive failure has been found in PDA ^9 and numerous other highly oriented or even
lesser oriented polymers as well.20-23 The major reason for the most highly oriented fibers
to kink under compressive stress is because all the chains are held by only van der Waals
force transverse to the fiber axis.24 When a compressive load is applied along the fiber
axis direction, the stress concentration at structural defects allows the possibility for a
nucleus to develop along a shearing plane to form a kink band. The geometric parameters
of the a kink band depend on the fiber structure. However, the exact molecular mechanism
for the formation of kink bands in p-HDU is not clearly understood.
The formation of kink bands shortens the overall length of the fiber as they
"absorb" part of the strain subjected by fiber, thus releasing the compressive stress. This
is the major reason for the C=C stretching frequency to depart from linearity as a function
of increasing compressive strain. jarge scatter in data for compressive strain in the
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aFIGURE 2.9 Phoiographs of p-HDU fiber: (a) undeformed fiber; (b) compressed
fiber with strain value larger than the critical compressive strain.
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range 0.30%-0.70% seems to be understandable because the critical point of failure is
related to the distribution of the defect on the individual fiber rather than a unique structural
failure of a perfect single crystal. If all the fibers were perfect crystals, we would expect
that the compressive failure would have a unique value and it would occur at a much larger
compressive strain. This is virtually impossible because of the inability to obtain perfect
single crystals, even for these p-HDU fibers. When the PMMA bar is bent beyond the
critical point, the ah-eady formed kink band may develop further along the fiber axis or new
ones may form at structural defects. In either case, actual compressive stress along the
fiber does not increase. The plateau shown in Figure 2.8 is the result of this phenomenon
and we feel, in most cases, the actual compressive strain on the fiber does not exceed
0.30%. It is then reasonable to consider this value as the apparent critical compressive
strain associated with the p-HDU fibers we have prepared.
It should be pointed out that the formation of kink bands is not the only feature
associated with the compressive failure ofp-HDU fibers. These fibers may also split as
shown in Figure 8(the dark line along fiber axis). The fiber splits may appear with the
formation of kink bands or occur independently. Again, this is not surprising if we take
into account that only weak transverse intermolecular interactions exist between p-HDU
molecules. The fiber splitting may also occur during the growing of single crystals,
polymerization in the solid state or simple careless handling of samples.
Thermal Residual Stress
Knowing how the p-HDU fibers behave under compressive stress allows the
possibility to better understand the formation of residual stress in these model composites.
The thermal expansion coefficients of p-HDU fiber and epoxy resin used in our
experiments are listed in Table 2.1.
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Table 2.
1 Thermal expansion coefficients of epoxy matrix and p-HDU fiber
^P^^y 4 X 10-5 (reference 16)
P-HDU fiber
longitudinal
-2.36 x 10-5 (reference 25)
transverse 8.5 x 10-5 (reference 26)
From the relative thermal expansion data it is obvious that the thermal residual
stress subjected by p-HDU fiber in the model composite will be compressive in the fiber
axis direction and the tension in radial direction when the sample is cooled down from the
curing temperature. Due to the opposite thermal expansion behavior, i.e. the fiber
contracts and the matrix expands with increasing temperature, it is to be expected that a
longitudinal compression may be the dominant factor influencing the fiber's behavior
during temperature change. If the thermal expansion coefficients, mechanical constants
and composition of composite are known, several theoretical models are available to
generate a stress distribution in the model composite. However, for our simple model with
a single fiber embedded in a large amount of matrix, by assuming a perfect boundary
condition at the fiber/matrix interface, i.e. no slippage at the interface, the following simple
formula can be used to estimate the longitudinal compressive strain on the fiber during
temperature change:
e = (oc f.i - a ni)(Tg - T) (2.2)
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where e is the longitudinal strain of p-HDU fiber, a n is the thermal expansion coefficient
of the p-HDU fiber in longitudinal direction, a„,is the thermal expansion coefficient of
epoxy matrix, Tg is the glass transition temperature of epoxy and T is the measurement
temperature. We have shown that above Tg the stress relaxation occurs so fast causing no
effective stress on the fiber. 16 if the Tg is higher than the curing temperature, Tc, the
thermal stress build-up will then start at T^. Then
e = ( a f.i - )( Tc - T ) = Aa AT (2.3)
£/AT = Aa = 6.36 X 10-5 (i/oQ (2.4)
where Aa = a f.i - a m is the difference of thermal expansion coefficients between
p-HDU fiber and epoxy matrix in longitudinal direction, AT is the temperature drop from
curing temperature and e/AT is the strain caused by per degree drop of temperature which
is the difference in the thermal expansion coefficients between fiber and matrix.
In our experiment, the thermal stress build-up was followed by measuring the C=C
bond vibration frequency change as a function of temperature. Equation 2.3 shows that as
long as Aa does not change significantly with the temperature, the strain introduced by
thermal stress is only the consequence of the temperature drop and does not depend on the
absolute temperature itself. This point can be checked by curing the epoxy at three
different temperatures. Even though a two step curing (pre-curing and post-curing)
process is necessary in the fabrication of most "real" composites, this was not done in our
study, since a two step curing process complicates the history of thermal stress buildup.
It is clear from the experimental data for all three samples plotted in Figure 2.10 that
the vibration frequency ofp-HDU fiber will increase linearly first at temperatures
below Tc. When the temperature drops beyond a specific value the frequency change
deviates from a linear relationship with respect to the temperature as observed in the initial
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range. After that critical point only a small change in frequency occurs as a function of
temperature. Because the vibration frequency of p-HDU fiber itself will change with the
temperature,l6 the net effect of the temperature on the fiber resulting from the interaction
between matrix and fiber should be the difference between the frequency versus the
temperature curve of p-HDU fiber in epoxy and the curve describing the frequency change
of the p-HDU fiber alone. The curves shown in Figure 2. 11 were obtained by subtracting
the two sets of data. It is clear the samples cured at three different temperatures behave
identically as a function of temperature. It is easier to see if we plot the data somewhat
differently with the temperature difference plotted on the horizontal axis instead of the
temperature as shown in Figure 2.12.
We feel that the data shown in Figures 2.11 and 2.12 can be used to explain the
entire process of thermal residual stress build-up, its effects on the reinforcement fibers
and, in fact, the compressive failure of the fibers. The optical microscope shows that the
fiber in the model composite at lower temperatures behaves as in the bending experiment,
i.e. the formation of kink bands (Figure 2.13). The pattern of kink bands seen is similar to
the one presented in Figure 2.9. Since we already have the explanation for the curve
shown in Figure 2.8, it is then clear that the process of the temperature decrease from Tc is
essentially associated with an increase of compressive strain on the fiber. Most of the
thermal residual stress is directly related to the magnitude of the temperature drop from the
curing temperature and is not associated with any particular curing temperature, as long as
thermal-elastic constants of each component are kept unchanged.
The residual stress caused by the shrinkage of epoxy resin in the curing process
will depend on the curing temperature. This is shown clearly in Figure 2.1 1 and Figure
2.12. In all three samples, even at each Tc, there is a finite difference between the
frequency of the C=C stretching frequency of the fiber in the matrix as compared to the
value measured for an isolated fiber. This difference is due to the stress build-up in the
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bFIGURE 2. 13 Pliotographs of p-HDU fiber embedded in matrix after compressive
failure: (a) 200 X; (b) 400 X.
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process of epoxy soUdification. The higher the curing temperature, the larger the thermal
residual stress will be.
The effect of the compressive failure of the reinforcement fiber on the matrix
surrounding it can be seen directly by optical photography as shown in Figure 2.13. The
pictures were obtained under crossed polarizers. The reason for the appearance of such
regular bright and dark patterns in the matrix in Figure 2.13 is that the regular spacing of
the kink bands disturb the epoxy matrix around them and the deformation of those matrices
are the origin of the anisotropic patterns in the picture. The effect of this phenomenon
should not be underestimated. In our model composite, the kink band on the single fiber
only perturbs the matrix around it. In actual appUcation, the reinforcement fiber content is
usually in the range of 30% to 65%. Therefore, the interfibrillar distance is quite smaller.
Any compressive failure of one fiber wUl affect its neighboring fibers through the
perturbed matrix which may fail in the same way. This process may continue causing the
failure of the entire material as the result of one single kinked fiber.
Our data seems to suggest that the closer the processing temperature is to the
eventual temperature that composites are to be used, the smaller the chance of having
compressive failure for the fiber. In the actual fabrication of the composite, the elimination
of thermal residual stress is not the only factor to be considered. The choice of the
processing conditions should be in balance with other important factors and should
optimize the performance of the composite. Because the behavior of the fiber may
dominate the thermal behavior of the composite at the high fiber volume fraction the
consequences of thermal residual stress in the real composite may be different from what
we observed here for single fiber composite. The effects of the processing temperature
may be much smaller. Nevertheless, the effect of thermal residual stress shown in this
study should be considered.
38
Interfacial Bonding in Model rr)mpo>;i>^
P-HDU fiber's behavior under the pure compressive strain of fiber alone and the
temperature change when embedded in epoxy are so similar that there is the question of
whether the two phenomena can be analyzed quantitatively together. The most
straightforward way is to assume that the critical strain in the frequency versus temperature
differences (Figure 2.12) has the same value as in the frequency versus compressive strain
curve shown in Figure 2.8. If we also assume that at the curing temperature the
compressive strain is zero, then the horizontal axis in Figure 11 can be relabelled with the
value of compressive strain instead of temperature differences. Also we can plot Figure
2.12 using strain as a vertical axis instead of the frequency difference.
The adhesion property between the p-HDU fiber and the epoxy matrix can then be
estimated if we combine the information obtained from the bending experiment and the
temperature experiment. Figure 2.14 and Figure 2.15 are the frequency versus
compressive strain and the frequency versus temperature difference respectively in the
initial linear ranges. The slopes kg and of two curves can be obtained:
ke = Av/e = 22.5 (cm-V%)
kx = Av/AT = 0.137 (cm-l/oQ
The strain caused by per degree of temperature drop will be
e/AT exp, = ky/ke = 6,10 x 10-5 (l/oQ (2.5)
which is very close to the value evaluated from assuming a perfect bonding
condition at the fiber/matrix interface:
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e/AT cal. = Aa = 6.35 x 10-5 (l/oQ (2.4)
The closeness of the two values shows that there is almost no evidence for slippage
at the fiber/matrix interface when the temperature was lowered. An earlier study has also
demonstrated that the PDA/epoxy interface may be quite strong.27 The value of strain in
the composite caused by per degree of temperature drop is somewhat smaller than the 10 x
10-5 (1/oc) measured previously. 19 This difference may be attributed to the difference in
the polydiacetylene or the expoxy used in the two experiments. In general e/AT exp. is
always measured to be smaller than e/AT cal., if there is any slippage at the interface. Only
under the most ideal conditions are both values the same. We can define a parameter R to
describe the degree of perfection of the boundary conditions at the fiber/matrix interface,
R = e/ATexp. / e/ATcal. (2.6)
where 0 < R < 1. When R=l the bonding at the interface is perfect with no
slippage. When R=0 there is a total absence of bonding at the interface and the fiber is
acting quite independently of the matrix. In most cases, R should be in-between unity and
zero. R can be used to characterize the ability of transferring the matrix strain to the fiber
and includes all the contributing factors which may cause the imperfection of the interface
bonding characteristics. To determine the R of a fiber/matrix system properly depends not
only on the experiment measurement of the e/AT exp., but also on the accuracy of the
calculation of e/AT cal. which relate to the model and thermal-elastic constants used in the
calculation. Although R is defined as a semi-empirical parameter in the study of thermal
residual stress in the experiment it should be able to explain other phenomenon involved in
the property of fiber/matrix interface because it generalizes the overall behavior of the
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interface. We can expect the stress transfer at the interface of the p-HDU fiber/epoxy
system in the stretching experiment to be quite strong since the R value is 0.96.
Conclusion?^
The compressive behavior of the p-HDU single crystal fiber has been examined by
a Raman-mechanical spectroscopic technique. The fiber can be subjected to a compressive
strain of up to about 0.30%, beyond which compressive failure may occur. The
compressive failure mode of the p-HDU fiber is associated with the formation of kink
bands easily observed by optical microscopy. The history of thermal residual stress build-
up in p-HDU fiber/epoxy model composite due to the mismatch of thermal expansion
coefficients was followed by measuring the p-HDU fiber's backbone stretching vibration
as a function of temperature. The compressive failure of the fiber caused by the thermal
stress was observed and has been compared to the kink formation in the bending
experiment described above. The information about the boundary condition at the
fiber/matrix interface was obtained by comparing the experimental data with a simple
calculation. It provides a straightforward way to evaluate the adhesion at the fiber/matrix
interface. Our studies described here demonstrate that the spectroscopic study of a model
composite can provide useful information, which may also be true in real composite
materials.
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CHAPTER in
EFFECTS OF FffiER GEOMETRY ON THE STRESS DISTRIBUTION
ALONG THE REINFORCEMENT FIBER
Introduction
The basic reinforcement mechanism associated with composites incorporating
discontinuous fibers is the transfer of applied stress from the matrix to the fiber through the
shear stress at the interface, l The stress transfer mechanism and the resultant stress
distribution have been extensively studied both theoretically and experimentally. Since the
model first proposed by Cox in 1952,2 several others have been developed making
analytical solutions available to model the transfer mechanism.3-8 The development of
advanced computation capabilities also makes it possible to use the engineering stress
analysis methods, mainly finite element method^ and finite difference approach 10 to
calculate the stress distribution in fibers and the matrix. Most of the experimental studies,
however, are limited to the stress analysis of the matrix. ll-l"^ Until recendy, few direct
experimental evidence exist with sufficient sensitivity and spatial resolution to demonstrate
the stress distribution expected for individual fibers in composites. ^5-17
The available experimental data agree well with the predicted distribution. The
Stress distribution along the fiber shows the tensile stress to be zero or very small at fiber
ends, and rapidly increasing toward the middle of the fiber, reaching a plateau when the
distance from the ends is larger than 1^/2, where Ic is defined to be the critical length of the
system. The interface shear stress has a maximum value at fiber ends then decreases
rapidly toward the middle of the fiber reaching zero when the distance exceeds \qI2. This
description is applicable for fibers of uniform diameter and square ends.
Several aspects of the the distribution described above need to be considered
further. First, the fiber must be longer tiian the critical lengtii, otherwise tiie fiber cannot
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carry the full load as it should. Even if the fiber length is longer than Ic, the average load
on the fiber is always lower than expected for a continuous fiber due to end effects.
Second, high interface shear stress may cause interface failure and the sections of the fiber
near the ends are most likely to fail. Once it occurs, interface failure may grow along the
fiber causing inefficiency in the stress transfer process. Third, under load, high stress
concentration approximately three times the average near fiber ends may cause matrix yield
(for a ductile matrix) or fracture (for a brittle matrix). 1 1 It is rather clear that both the
fiber/matrix interface and the matrix near fiber ends are most vulnerable to structural failure
and need to be characterized carefully.
As mentioned above, most of the studies deal with fibers of uniform diameter,
therefore, it would be interesting to investigate how different fiber geometric parameters
affect the effective stress distribution or possible eUmination of the problems associated
with sections of high stress and inefficiency in stress transfer. Whether changing fiber
shape can indeed improve reinforcement properties is still not well defined. Previous
photoelastic studies and finite element analyses have suggested that the stress concentration
near fiber end can be reduced if the fiber has sharp tapered end geometry.9.12 Other
studies, however, are inconsistent with such a conclusion. ^8 All those studies considering
the effects of fiber geometry were directed at the stress distribution at the fiber/matrix
interface or matrix. In fact, no experimental data are available to elucidate the stress
distribution on the fiber. We feel this is a very important aspect of the problem and more
experimental studies are necessary. In this study, we report the use of a Raman-
mechanical technique to examine the stress distribution along the fiber which arises from
thermal residual stress compressive in nature and an applied tensile stress for fibers of
blunt ends and tapered ends. We found some very unusual, although easily understood,
stress distribution curves. Our results are reported here.
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Experiment^ ]
Calibration and Measurement of Stress Distrihiitinn
Although the photoelastic technique has been used to measure the stress distribution
on fiber,l9 a direct description of stress distribution along the reinforcement fiber under
the mechanical strain has only become available by using a combination of the Raman-
mechanical technique.15-17 The validity of the technique is based on knowing the linear
relationship between the OC backbone stretching frequency of a fiber-like polydiacetylene
single crystal and the effective sample strain .20 The stress distribution is then obtained by
measuring the C=C vibration frequency from point to point along fiber when the composite
is stressed by mechanical means. Residual stress due to the curing shrinkage and the
difference in expansion coefficients between the matrix and the fiber
,
existing even for
sample cured at room temperature, also needs to be considered. The evaluation of the
stress distribution involves a direct comparison of the C=C frequency for the fiber, fiber
embedded in the cured matrix, and the stressed composite sample by point-by-point
subtraction. For our experiment to be quantitatively meaningful, particularly considering
the effects arising from the two types of stresses needs to be separated, exact and
reproducible determination of the position along the fiber is necessary. The most
convenient method for such measurement is to measure the position relative to the ends of
the fiber. The possible errors, however, are shown schematically in Figure 3.1. If the
positions are not determined accurately, the stress distribution obtained may lead to
completely erroneous conclusions.
Therefore, considerable attention was given to the construction of a "sample
holder" for both the temperature variation and stretching experiments to enable us to move
the composite sample in the Raman sample chamber with great precision, as shown in
Figures 3.2 and 3.3. The position along the fiber can be determined reproducibly within
10 )im.
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FIGURE 3 1 Measurement of strain distribution along fiber: (a) shows when the end
of the fiber was accurately determined a true distribution curve
can be
obtained; (b) and (c) show two cases of incorrect measurement
(missing the fiber end in one of the two measurements), incorrect strain
distribution curves are then obtained.
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thermal couple
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h
optical table
FIGURE 3.2 Schematic experimental configuration of thermal stress measurements.
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FIGURE 3.3 Schematic experimental configuration of tensile stress measurement.
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Schematic drawings and photographs of the blunt and tapered fibers used in our
experiment are shown in Figure 3.4. The reference point for each stress distribution
measurement, the fiber end, can be determined simply by measuring the scattering intensity
of the C=C vibration as we move the fiber at the focus of the incident laser beam. The end
for the blunt end fiber can be determined easily by monitoring the scattering intensity. The
gradually increasing scattering intensity for the tapered end can be observed clearly as well.
Typical data are shown in Figure 3.5. In either case, the fiber ends can be determined with
a great deal of confidence.
Sample Preparation
The polydiacetylene fiber used in our experiments is p-HDU which was prepared in
our laboratory as described previously.21 Epon 828™ was used as matrix and DETA as
curing agent. The sample for studying thermally induced stress was cured at 55 for 24
hours. After curing, the stress distribution were also measured at 38 then 18 oC. Most
model composites used in the stretching experiment were cured at room temperature for
approximately 25 days. Some were prepared at 55 for comparison.
Most of the p-HDU single crystal fibers were tapered ended and some blunt ended
fibers can be found as well. The diameter of individual fibers, d, is approximately 0.07
mm. The actual cross sectional area of the fiber is not exactly circular but more rectangular
in shape. All the fibers which have well defined ends and are defect-free were chosen.
For the tapered end fiber the ratio of b/d is approximately 15.
Results and Discussion
Thermal Induced Stress Distribution
Due to the mismatch of thermal expansion coefficients between the p-HDU and
epoxy matrix, compressive stress will develop when the composite cools from higher
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(a) BLUNT END
(b) TAPERED END
FIGURE 3.4 Schematic drawing and photograph of fiber end geometry: (a)
blunt end; (b) tapered end; (c) photograph of a blunt end fiber,
(d) photograph of a tapered end fiber.
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Continued next page
Figure 3.4 Continued
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curing temperature 21 The shear stress at the fiber matrix interface leads to the existence of
longitudinal stress distribution along the fiber. 19 The samples were cured at 55 oc then
cooled to 37 oc and 19 oc. The measured C^C frequency for three temperatures as a
function of distance from the end of a blunt ended or tapered ended fiber are shown in
Figure 3.6. Each set of data was plotted in terms of a dimensionless parameter y/d, where
y is the absolute distance from fiber end and d is the diameter of fiber. Because the
diameter of tapered ended fiber is constantly changing near the fiber end d in this case is the
diameter of fiber in the middle part which is a constant when y is larger than b. We have
elected to use this normaHzed displacement (y/d) since there are some differences in the
fiber dimension even under the most controlled circumstances.
It is clear both types of fibers in the cured matrix are not stress free. It is equally
clear that the frequency/stress distribution for the two types of fibers have totally different
response to the virtually identical thermal history. The frequencies measured near the
middle of the fiber at the curing temperature 55 ^C are quite close to the unperturbed value
measured for a fiber outside the matrix. The C=C frequency measured near the fiber ends
at that temperature, however, departs from the isolated fiber significantly, showing most of
the residual stress build-up during the curing process concentrate near the ends. The data
are most conveniently presented by taking the difference of the two lower temperature
measurements relative to the curing temperature as shown in Figure 3.7. Here Av is
defined as v-Vc where Vc is the frequency at the curing temperature. These curves represent
the thermal stress distribution due to temperature drop. For the tapered ended fiber, the
C=C frequency difference essentially remains unchanged along the fiber and the stress
distributes evenly. In contrast, the frequency difference of the fiber with blunt ends
changes along the fiber, indicating an uneven stress build-up along the fiber. The
maximum effective compressive strain is approximately 0.15% for AT=18 oc and 0.3%
for AT=36 oc respectively.
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The different thermally induced stress distributions found between the blunt and
tapered ended fibers are significant. For the blunt ended fiber, the stress increases
gradually from the fiber end, reaching the maximum value at 1/2 Ic. If we consider the
analogy between tensile transfer and compressive stress transfer, this kind of distribution
expected from theoretical calculations and agree weU with other experimental observations
In this case, fiber ends carry less load. UnUke blunt ended fiber, for the tapered ended
fibers there is no critical length in the stress distribution. Even at the extreme ends, each
section of the fiber is capable of carrying load along the fiber axis. Although the relative
advantages of having different fiber ends have been discussed in a few studies,9.l2 no
such stress distribution curves on fibers have been reported.
Tensile Stress Distribution
The interesting differences found for the thermally induced stress distributions lead
us to examine the effect of fiber end geometry on the tensile stress distribution. The C=C
stretching frequency differences as a function of distance ft-om fiber end for four different
strain values are plotted in Figure 3.8. The difference found for the two types of fibers is
obvious. It should be emphasized that both samples were cured at room temperature. The
effect of curing stress, which is much smaller than higher temperature cured sample, has
been eliminated by plotting Av as a function of distance from fiber ends. In these plots, Av
is defined as Veo-Ve, where Veo is the C=C fi-equency measured at zero composite strain.
Again, fibers of different ends have completely different stress distribution curves.
Since the first stress distribution theory was proposed in 1952,2 it has been
generally accepted that for discontinuous fibers, the length of fiber must exceed the critical
length Ic in order to act effectively as reinforcement. Next to the most simplistic
assumption that stress increases linearly with distance from fiber ends, the hyperbolic
cosine shape curve is the basic description of the tensile stress distribution on the fiber.
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From our experimental data, we derive a totally different picture of stress distribution for
the tapered ends. In this case, no critical length is necessary. The average stress on the
tapered ended fiber is almost equal to the continuous fiber, higher than that of the blunt end
fiber.
The observed tensile stress distribution curve for the blunt ended fiber has been
predicted and agrees well with other experimental results. The tensile stress increases
gradually from fiber ends reaching a plateau when the distance from the fiber end exceeds
half of the critical length, Ic. This tensile stress distribution curve can be basically
characterized by three parameters: the plateau value, the critical length and the stress value
at fiber ends.
As predicted, the maximum strain value emax observed in our experiments is nearly
equal to the overall strain of the composite and the maximum stress is EfEmax> where Ef is
the fiber modulus.
The critical length, Ic, or relative critical length, Ic/df, (df is the diameter of fiber)
observed will change under some curing conditions. The Av distributions along the fiber
at two strain values for blunt and tapered ended fiber are shown in Figure 3.9. These
samples were cured at 58 and stretched at room temperature. Our previous studies have
shown that compressive failure will not occur at this curing temperature.^l The effective
thermal residual stress distribution can be eliminated with the method mentioned in the
experimental section. The curves are similar to those of room temperature cured samples
except for the blunt end fiber the Ic/df is -12, smaller than the value for the sample cured at
room temperature. The exact reasons for this difference are not clear. This difference may
be explained by an increase in the radial friction force which enhances interface adhesion.
Our previous studies however, showed interface adhesion is very good even for the sample
cured at room temperature. Furthermore, the thermal expansion coefficients of the fibers
and the matrix do not suggest a higher friction for samples cured at higher temperatures.^1
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The third parameter to characterize the stress distribution curve is the stress transfer
at the fiber ends. Most theories have assumed that stress transfer at fiber ends is zero. The
calculated results have shown that the end contribution can be 20% or in some case more
then 25% of maximum stress.9.10 Our results suggest that for samples cured at room
temperature, strains at ends are very smaU and remain essentially constant when the overall
composite strain increases. For higher temperature cured samples, the end contribution
becomes more significant and can reach a range of 20%-30% of the maximum fiber strain.
Higher curing temperature seems to increase the stress transfer efficiency of blunt end
fibers by decreasing the critical length and increasing the stress transfer through the fiber
end. But it may also increase chance of fiber compressive failure if the use temperature is
well below the curing temperature.
Explanation of End Effect?^
gimplg fQrpg balance mod^.l To our knowledge no theoretical treatment of stress
distribution in reinforcement fibers has considered the situation of tensile stress distribution
associated with the tapered ended fiber. Earlier finite element analyses have considered the
geometry effect of the fiber end but have not provided the needed tensile stress distribution
curve.9 A complete explanation of the observed stress distribution in tapered end fiber
really needs a more complete analysis. It is useful and possible, however, to explain these
end effects from a more quaUtative perspective. Let us consider two small elements of
fiber as shown in Figure 3. 10, one for blunt end and one for tapered end. The right-hand
side of both elements has the same radius r and experiences a tensile stress a. The tensile
stresses on the left-hand sides are c' and a". The force balance along the fiber axis is
o"7rr2 -I- X7i;2rh = gtzt^ (3.1)
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FIGURE 3.10 Stress balance of two small elements of fibers: (a) bulnt end
fiber; (b) tapered end fiber.
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for blunt fiber and
a'7i;r'2 + x'7t(r+r')s cosG = a7ir2 (3 2a)
or
a'7cr'2 + x'7c(r+r')h = a7cr2 (3 2b)
for tapered ended fiber, where h=scose is the projection of s in the fiber axis direction. By
assuming x=x', the relative stress for the two types of fibers is
o' = a"(r/r')2 + xh(r-r')/r'2 (3 3)
if (r/r')2>l and xh(r-r')/r'2>0, then a* > a".
The critical assumption of the above derivation is x=x'. This certainly is not true in
all circumstances. If x<x', it would be difficult to explain our results by this simple
consideration. Previous experimental results, however, suggest that x>x'.l2 if this is the
case, a' > a" will be consistent with our experimental data.
Based on our experimental observation of a'=a for tapered ended fiber, from the
equation (3.2b), we obtain
t' = a(r-r')/h = o dr/dy (3.4)
This result suggests that at any position along the fiber matrix interface for tapered
end fiber the shear stress is proportional to the slope of the interface relative to the fiber
axis, meaning the sharper the fiber ends, the smaller the interface shear stress. This
conclusion agrees with the conclusions reached with more sophisticated finite element
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analyses. Although our explanation is an oversimplification, the basic reason for higher
stress transfer efficiency of the tapered ended fiber is clear. It is a purely geometric effect
that smaller cross sectional area has a higher stress if the load is the same.
Shearing mode] As indicated previously, the shear lag model of Cox has predicted
the basic feature of tensile stress distribution in model composites, therefore it would be
worthwhile to see if this theory can be applied to the fiber with tapered end geometry. As
shown in Figure 3. 1 1 the real tapered end fiber is simulated by a serial blocks of N
different diameter small blunt end fiber connected through the fiber end. The radius of
each small blunt end fiber is linearly proportional to its distance from the fiber end related
by the following equation
r(D = I/Nr(N) (3.5)
while r(I) is the radius of Ith block and r(N) is the radius of the last block or the radius of
the tapered end fiber after which the fiber diameter becomes uniform. The strain on every
block is the same, equal to the applied strain of 1%. Cox's equation (eq. 1.1) is used to
obtain the tensile stress distribution of each block where the force at the beginning of each
block is equal to the force built at the end of the previous block.
Figure 3.12 shows the calculated results for three different N values, 1, 10, and
100. It is clear that with the increase of N, by dividing the fiber into finer blocks, the
tensile stress distribution becomes smoother and a uniform tensile stress distribution for the
tapered end fiber can be expected ifN goes to infinity. The main problem of this model is
that the maximum stress for the tapered end fiber is smaller than that of the blunt end fiber
(N=l) which does not agree with experimental observation. However this model does
prove that the fiber geometry will strongly affect the stress distribution along the fiber,
thereafter affecting the entire stress distribution in the composite. A more complete
analysis will be provided in a later chapter of finite element analysis.
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Conclusions;
Both thermal (compressive) stress distribution and tensUe stress distribution along
the reinforcement fiber in a single fiber model composite have been examined with a
Raman-mechanical technique. To our knowledge, the significant effects of fiber end
geometry on the stress transfer efficiency were observed for the first time. For the fiber
with a uniform radius, the stress distribution curve is similar to the observation of other
experiments and qualitatively agrees well with theoretical predictions. A completely
different stress distribution curve has been observed in the tapered ended fiber in both
thermal experiments and stretching experiment. In this case the stress is uniform along the
fiber and no critical length exists. The higher stress transfer efficiency of a tapered fiber
was attributed to a purely geometric effect.
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CHAPTER IV
EFFECTS OF HBER ORIENTATION ON THE STRESS
DISTRIBUTION IN MODEL COMPOSITES
Introduction
Discontinuous-fiber composites are important because they enhance the ability to
make products with complicated shapes, simplify the fabrication procedure and, as a result,
lower manufacturing costs. However, because of the complicated interaction between fiber
and matrix, discontinuous-fiber composites remain one of the least understood areas in
composites technology.! A typical problem is the ill-defined fiber orientation distribution
in discontinuous-fiber composites. For most conventional methods such as injection
molding, it is almost impossible to permit all the fibers to be well ahgned in a particular
direction. Predictions of the properties of discontinuous-fiber composites depend on a
clear understanding of fiber orientation distribution effects. Theoretical studies have
established several approaches to evaluate the properties of the composites^-S, but relatively
few experimental data are available to compare with those calculations. Most difficulties
arise from the fact that it is nearly impossible to have a real composite system which can be
defined and characterized well to compare with theoretical calculations.
It is unlikely that experiments can be devised to examine the effects of variously
oriented single fibers on the overall macroscopic properties of a model composite.
However, with the use of a sensitive probe, i.e. fiber-like single crystal of polydiacetylene,
the relationship between stress distribution and fiber orientation can be evaluated. The
details of using such a combination of Raman spectroscopy and mechanical measurements
to study composites have been described in the literature in some detail^' By knowing
the relationship between the backbone stretching frequency and fiber strain, the stress
distribution of an individual fiber in the matrix when the overall sample experiences tensile
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or compressive stress, can then be obtained. In this study, using such a technique, a direct
comparison between experiments and theory can be obtained to assess the orientation
effects of individual fibers.
The experimental data obtained in this study were analyzed first using several
simplistic mechanical models. The Eshelby equivalent inclusion methodH, first introduced
in 1957, has become one of the basic methods to evaluate the properties of a
discontinuous-fiber composite system. This method originally was designed to solve the
inhomogeneity problem of single inclusion in an infinite matrix, therefore is directly
applicable to the model composite studied in our laboratory. The comparison between our
experimental data and theoretical calculations in this study will be useful to better
understand stress distribution of fibers in composite. In addition, we also provide better
evaluation of the Eshelby method.
Experimental
The principal aim of this Raman spectroscopic-mechanical study is to measure
stress distributions along individual fibers embedded in the matrix, oriented at various
angles relative to the draw direction. A sample holder, shown in Figure 4.1, allowing the
overall sample and the fiber inside to be rotated and translated in the sampling laser beam
was designed This holder incorporates a mechanical stretcher mounted on three mutually
perpendicular translation stages set on a rotational stage. With such an experimental
arrangement, mechanical measurements in terms of stress-strain values of the model
composite can be collected along with the stress distribution derived from Raman
measurements for individual fibers. It is possible to measure the stress distribution for
fibers oriented at any angle to the draw direction.
Each model composite contains two fibers. One fiber, ahgned parallel to the draw
direction, can be considered as an internal calibration standard. For this fiber, the stress
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X-Y translation stage
FIGURE 4. 1 Schematic drawing of sample stretcher.
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distribution along the fiber has been analyzed previously 6-8.10 The other fiber is oriented
at an angle relative to the draw direction. For each strain value, the backbone stretching
frequency changes for both fibers were measured. The orientation angle of the second
fiber relative to the draw direction varies from 0 to 90 degrees.
The poIy(2,4-hexadiyne-l,6-diol bisphenyl urethane) or p-HDU PDA fiber used in
the experiments were synthesized in our laboratory and described previously9 An
Olympus BH-2 microscope was used to choose defect-fi-ee p-HDU fibers, to examine the
shape of fiber ends, and to measure the fiber orientation angle. Epon 828™ was used as
the matrix and an aliphatic accelerator, DETA, as the curing agent. All composites were
cured at room temperature for about 12 days.
The Poisson's ratio of p-HDU fiber was measured by the laser diffraction method.
When the laser beam passes around the fiber, the interference pattern found on the wall is
characteristic of the fiber lateral dimension. When the fiber was stretched, its axial strain
was measured by the change in the backbone vibration, and its lateral dimension can be
calculated by the spacing associated with the changing interference pattern. For our
" fiber ", the Poisson ratio was measured to be 0.39. The Poisson ratio for the matrix has
been approximated in earlier studies.^
The Raman spectrometer used in these experiments was a Jobin-Yvon model
HG.2S instrument with a He-Ne laser as the excitation source(6328 A). Neutral density
filters were used to reduce the laser power to less than 5 mW at the sample to prevent
damage due to laser heating. The laser focus is approximately 10-15 mm in diameter.
Theoretical Analvsis
Affine Deformation Model
In our analysis, it is necessary to evaluate the axial strain of an individual fiber
oriented at an angle relative to the draw axis, when the overall composite strain is known.
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Since the strain value cannot be determined directly, the value used must be derived from
several models previously developed. The most used model for such calculations is the
affme deformation model.l2 i„ this one, we consider a cyUnder of matrix material with
height H, and radius r. Inside the matrix there is a fiber with length L, at an angle q
relative to the draw direction. After applying a strain e, the dimensions are changed to H',
r', U, e-, respectively, as shown in Figure 4.2. By definition the applied strain is e =
(H'-H)/H and the strain in the r direction = (r--r)/r =
-ve where v is the Poisson's ratio of
the matrix. We obtain H' = H(l+e), f = r(l-ve) and the following relationship based on
simple geometry:
L'2/L2 = (H'2+r'2)/L2 = (l+e)2H2/L2 + (l-ve)r2/L2
= (l+e)2cos2e + (l-ve)2sin2e
Since El = (L'-L)/L, the strain in the fiber axial direction, el, can be expressed as
El = [( 1 +e)2cos2e + ( 1 -ve)2sin2e] 1/2 _ i (4 ^
)
Tensor Transformation Method
The axial strain of the second fiber can also be calculated by using tensor
transformation^^. Knowing the applied stress, the stress components in other directions
can be obtained. As shown in Figure 4.3 the draw direction is X3 and the fiber axial
direction is X3' which is obtained by rotating the X2, X3 plane about xi axis by q degree . If
T is the stress tensor expressed in the terms of xi, X2 and X3 coordinates, T' is the tensor
expressed in terms of xi', \2 and X3' coordinates after the transformation. The
relationship between the components of T and T' is given by
T'ip = oJi a% Tiq (4.2)
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FIGURE 4.2 Schematic drawing of affine deformation model
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draw direction
T
FIGURE 4.3 Schematic drawing of tensor transformation model.
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where aJj denotes cos(xj',xi). The right side of equation 4.2 is the sum of nine terms with j
and q assuming values from 1 to 3.
For the uniaxial stretching case, all the components of T are zero except T33. The
non-zero components of T' are
= cos^e T33
T'22 = sin20 T33
T'23 = T'32 = sin9cos9 T33 (4.3)
Assuming the material is isotropic and Hookean in nature, we obtain the strain
elements of the strain tensor e' to be
e'ij = - v/E T'kk 6ij + (l+v)/E T'ij (4.4)
where v is Poisson's ratio, E is the modulus, 6ij is the Kronecker delta and
T'kk=T'ii+T'22+T'33. The strain in the fiber axial direction, e'33^ can then be calculated
as
e'33 = e33(cos20 - V sin^e) (4.5)
where £33 is the appUed strain in the draw direction.
The difference between equation 4. 1 and equation 4.5 is that equation 4. 1 has
included the changing fiber orientation during deformation from 0 to 0'. On the other
hand, equation 4.5 is considered from the static viewpoint. The tensor transformation only
contains components of the applied stress and the initial orientation angle to specify the
system. For a very small strain value, the orientation angle change is small, and the
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difference between the two equations is negligible as shown in Figure 4.4. The two curves
calculated from the two equations (833 = 1%) overlap almost completely. However for a
large applied strain(e33 = 100%) the difference is substantial as shown in Figure 4.5. In
this case, the calculated strain from equation 4.1 is larger than that from equation 4.5,
especially for orientation angles varying between about 30 to 70 degrees. This is the effect
of the fiber orientation change during the deformation. If the defom^ation is large, equation
4.1 will yield the more reasonable result. For high modulus composite materials the
sample strain is usually small and the equation 4.5 is generaUy accurate enough. In
addition, this second expression is the simpler of the two. The derivation follows the
standard stress analysis and can be easily adapted for more complicated situation. Due to
the almost identical results obtained with equations 4.1 and 4.5 for the smaU strain values
used in our experiment( < 2% ) only equation 4.5 wiU be used for analysis.
Given the relatively small differences found for equations 4. 1 and 4.5, there is one
shortcoming they both share, i.e. the neglecting of sample inhomogeneity due to the
presence of the fiber in the sample composite. Parameters associated with fiber properties
are not considered nor appear in either equation 4.1 or 4.5. Actually, both equations only
provide the strain value in an arbitrary direction in a homogeneous medium. As we wUl
see, only in special cases are the matrix and fiber strain equal.
Eshelbv Equivalent Inclusion Metho^l
In order to calculate the fiber strain in the matrix exacdy, the inhomogeneity of the
system must be considered. An "equivalent inclusion method" was developed to overcome
this deficiency in most analyses. 1^ We consider a small region (the 'inclusion') in an
infinite homogeneous medium to undergo a change of shape and size. This transformation
for the inclusion would result in a strain e'x (the prime denotes local coordinates as
shown in Figure 4.3) if there is no constraint. However, the surrounding matrix limits the
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strain of the inclusion to be e'c. e't and e'c are related by e t = Se'c. where S is
the Eshelby tensor defined by the elastic properties of the matrix and inclusion and the
geometry of the inclusion. H, 14 if ^ ^^^^^ ^^^-^ ^.^ ^^.^^^ fiber-matrix system,
the total strain of the inclusion is e'a + e'c- The strain related to the stress T' is
e'A + e'c - e'T because e't is not associated with any external stress such that
T'
= Cm(e'A + e'c-e'T) (4.6)
where Cm is the stiffness tensor of the matrix. By choosing the proper elastic constants,
Cf, the actual stress and strain in the inclusion can be related by Hooke's law,
T' = Cf(e'A + e'c) (4.7)
Thus the Eshelby equivalent inclusion equation is obtained as follows
Cm(e*A + e'c-e'T)= Cf(e'A + e'c) (4.8)
By replacing e'c by Se'j the total strain in the inclusion e'=e'c+e'A can be
obtained.
e*=(Cm-Cf)-iCm[Cin-(Cm-Cf)S]-i(Cm-Cf)e'A (4.9)
We have used such an expression to obtain the fiber strain in the matrix, e a is
the applied strain in local (transformed) coordinates to be obtained from equation 4.4.
All of the six components of in equation 4.9 can be obtained simultaneously by
matrix operations easily performed by computers. In our experiments, however, only
£33, the strain in the fiber axial direction can be measured. The geometry of the fiber used
86
for calculation is assumed to be a prolate spheroid (c > a=b). The expressions of Eshelby
tensor for this kind of geometry can be found. 1U4
-n,e parameters used in the calculations
are listed in Table 4.1.
™'
' fnSoSod" *^ *^ ^^"^'"^ "i™™'-'
Fiber modulus Ef 45
Matrix modulus Em 4 Qp^
Fiber Poisson's ratio Vf q 39
Matrix Poisson's ratio 0 34
Fiber length c 4^
Fiber diameter a 70 |im
Results and Discussion
As described earlier, each one of our model composites contains two fibers: one
aligned with the draw direction and the other set at an angle, 6. For each apphed strain
value, both Av(Oo) and Av(e) are measured, where Av(Oo) denotes the C=C stretching
frequency change of the fiber aligned to the draw direction and Av(e) denotes the change
of the fiber at angle q to that direction. Because a predetermined Unear relationship
between the C=C backbone stretching frequency change and the fiber axial strain exists( -
21 cm-V% ), the Av's measured represent the fiber axial strains. The experimental data
shown in Figure 4.6 are consistent with our expectations. The fiber axial strain decreases
as the fiber orientation angle relative to the draw direction increases. The role of the fiber
as a reinforcement material also decreases because of the diminishing load which can be
carried in its axial direction. If the orientation angle is larger than a critical value, the actual
fiber axial strain in fact will be compressive in nature instead of tensile. The compressive
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FIGURE 4.9 Photograph of a p-HDU ttber with arrows pointing to some of the
crystallographic twins.
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strain on the fiber arises from lateral shrinkage during the tensile deformation. The critical
angle % can be found from equation 4.5 by setting £'33 = 0. We obtain
ec = tan-l(l/vl/2)
which is about 6O0 in this experiment. Experimental data for fibers oriented at
angles larger than the critical value, 0c, are also shown in Figure 4.7. For these fibers,
initially the Av(e)'s increase linearly with increasing tensile strain as expected, then deviate
from this linear relationship. The data can be plotted in terms of compressive strain
calculated with equation 4.5 if Av(Oo) is known. The data plotted in such a fashion
correspond directly to the typical behavior observed for p-HDU fibers under compressive
strain. This deviation from linearity indicates fiber compressive failure. In our previous
studies, the compressive strain was introduced by pure bending or the existence of thermal
residual stress. In this current experiment the compressive stress is introduced due to the
Poisson's ratio of the matrix. The formation of crystallographic twins representing fiber
compressive failure found in our previous studies was also observed in this study as
shown in Figure 9. By shortening the overall length of the fiber in the matrix, the
formation of crystallographic twins releases localized stress, causing experimental stress-
strain data to deviate from linearity. The critical compressive strain in Figure 4.8 is about
0.25%, which is close to the 0.3% value observed earlier. It is not clear whether this
difference can be explained at this moment.
The consequence of having fiber compressive failures need to be considered
carefully in real discontinuous fiber composites in which an orientation distribution always
exists. Even in continuous composites such as multi-ply laminates, this consideration is
needed in order to obtain better overall mechanical properties. In all these cases, a large
deformation in one direction may cause compressive failure of the fibers oriented at large
angles from a particular direction. The formation of crystallographic twins associated with
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fiber failure may disturb the sun-ounding matrix, lowering the overaU performance of the
composite.
Figures 4. 10 and 4. 1 1 show the comparison between our experimental values with
several calculations. In each case, the solid hnes represent the results of simple
calculations using equation 4.5. As mentioned earUer, for small strain values there is
negligible difference between equations 4.1 and 4.5. Therefore, only the results obtained
for equation 4.5 are plotted. The dashed lines are the results calculated using equation 4.9
developed with the Eshelby method. The applied strain is 0.5% in Figure 4.10 and 1.5%
in Figure 4. 1 1
.
The calculated results all agree well with our experimental data while the
Eshelby method seems to be slightly better. The deviation at large angles and large strain
shown in Figure 4. 1 1 is caused by fiber compressive failure giving a smaller fiber strain
than it would otherwise be if no crystallographic twins were formed.
As mentioned earlier, only the Eshelby method has considered the problem of
sample inhomogeneity, thus giving a true fiber strain in the matrix. Equation 4.9 contains
all the parameters affecting the properties of a composite such as elastic constants of fiber
and matrix and the fiber geometry. In contrast, equations 4.1 and 4.5 are only capable of
giving matrix strain as if no fiber existed. The small difference observed between
equations 4.5 and 4.9 occurs only in special cases. Changes in elastic constants and fiber
geometry may lead to large differences in the two equations. For these samples equation
4.5 no longer can be used to evaluate actual fiber strain.
More calculated results using Eshelby method for different fiber length, aspect
ratio, modulus, and Poisson ratios are shown in Figure 4.12. In these cases, the applied
strain is 1%. All other parameters are listed in Table 4.1 except for (a) the fiber lengths, c,
which are 140, 700, and 7000 |im, for fiber aspect ratios of 2, 10, 100 respectively; (b)
the fiber moduli, Ef, which are 8, 40, and 400 GPa (Ef/Em are 2, 10, and 100,
respectively) and (c) the fiber Poisson's ratio, Vf, which are 0.17, 0.34, and 0.68 (Vf/Vm
93
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are 0.5, 1, and 2 respectively). Calculated results using equation 4.5 are also plotted for
comparison.
It is clear that the fiber aspect ratio will affect the strain on the fiber significantly.
Only for fibers of high aspect ratio is the fiber strain close to the pure matrix strain. Both
will have the exact same value if the fiber is infinitely long. For fibers of low aspect ratio,
the fiber strains are much smaller than the matrix value. For example, a well aligned fiber
with aspect ratio of 10 has 70% of the applied strain. In contrast, fibers with aspect ratio of
2 have only about 25%. It can be concluded that only fibers with high aspect ratio can be
effectively used as a reinforcement material. It is also obvious that for fibers with high
aspect ratio, the change of fiber orientation angle will have a large effect on the fiber axial
strain (or its capacity to carry load). For fibers of low aspect ratio, the fiber orientation is
not particularly sensitive. The effects of fiber modulus and fiber Poisson's ratio are also
shown in Figure 4.12. Large differences in fiber and matrix modulus will naturally affect
the fiber strain in the matrix. The Poisson's ratio of the fiber plays a minor role in this
inhomogeneity problem.
The above discussion demonstrates that the Eshelby method is a very powerful tool
to treat the inhomogeneity problem. Much useful information about the composite can be
obtained. The original derivation was for a single inclusion in an infinite matrix. The
calculation of elastic constants of the composite by the original form is only valid for small
fiber volume fraction because the interaction between inclusions is neglected. Recently, the
Eshelby method has been used to calculate the effective elastic constants of a composite by
considering the interaction between fibers with the help of an average induced strain
approach.'^"^ Although no direct comparison is made between such a calculation and
experiment, our results for simple model composites suggest that a reasonable agreement
can be expected if such a comparison is made.
Another interesting question is to determine the exact stress distribution patterns
along the misaligned fibers. For fibers well aligned relative to the draw direction, our
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previous studies have already demonstrated that fibers with different end geometries may
have totaUy different stress distribution curves.lO This is also found true for these
misaligned fibers as shown in Figures 4.13 and 4.14. For the blunt end fiber the shape of
the stress distribution curve is close to the hyperboHc cosine curve predicted by Coxl5 and
Dowl6 and also confmned by finite element analysis^ and the finite difference
approach. 18 The tapered end fiber, on the other hand, shows an approximately uniform
stress distribution. Eshelby has shown that the elUpsoid inclusion will have a uniform
stress distribution.!! Akhough the geometries of the tapered end and elhpsoid are not the
same, there is one common feature for both, that is the cross sectional area gradually
decreases toward the fiber end. The explanation for the observation of uniform distribution
in tapered end fibers may be analogous to ellipsoid inclusion.
Conclusions
The effect of fiber orientation in PDA/epoxy model composites has been analyzed
by a Raman-mechanical technique. As an indication of its role of reinforcement, the fiber
axial strain decreased as its orientation angle increased. The compressive failure on the
fiber at high orientation angle was caused by matrix lateral shrinkage during tensile
deformation. Good agreement existed between experimental results and the calculated
values using the Eshelby equivalent inclusion method. The effects of fiber aspect ratio,
modulus and Poisson's ratio were also obtained by this calculation. Two entirely different
stress distribution pattern for blunt ended and tapered ended fibers were also observed for
misaligned fibers as previously found in the well ahgned fibers.
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CHAPTER V
INTERFACIAL EFFECTS ON THE STRESS DISTRIBUTION
IN THE MODEL COMPOSITES
Introducrion
It is generally accepted that properties of fiber/matrix interface or interphase are
directly correlated to the composite performance. The exact relationship, however, is not
clearly understood. The analysis is complicated by the fact that other factors, such as the
geometric parameters of reinforcement fibers and fiber orientation, can also affect
composite properties.
Even for the simplest but the most important case, unidirectional composites, the
effects of interfacial bonding on their modulus and strength are not clear. It has been
predicted that in the elastic limit, the average fiber stress, which is directly related to the
composite tensile modulus, is proportional to interface strength. ^ Computer simulation in
conjunction with fiber fragmentation data has shown that fiber surface treatment can affect
stress transfer ability at the interface.2 Other studies, however, have shown that
improvements in the bonding properties between fiber and matrix led to very limited
improvements in the composite mechanical properties.^-^ Various organic sizings were
chosen to enhance bonding between the Kevlar fiber and epoxy matrix. However, no
improvement was achieved in the interfacial bond strength and composite strength.
5
Application of silicone release agent to the reinforcement fibers effectively increased the
critical length of the reinforcement fiber and reduced the modulus or the strength of
composites.^'^
Methods for studying fiber-matrix interfacial interaction have been reviewed
recently.^ Analyses based on mechanical measurements are imperfect because of
difficulties in obtaining a well defined system which allow the separation of perturbing
104
effects, such as fiber geometry and orientation distribution, cleariy from interfacial bonding
characteristics. Although valuable information concerning the interfacial strength can be
obtained with single fiber pull-out tests, it is impossible to derive a definite and quantitative
relationship between the parameters measured in the experiments and the mechanical
properties of composite materials.
Recent studies have shown the applicability of Raman-mechanical spectroscopy in
measuring the stress distribution of individual reinforcement fibers in composites. By
measuring the vibrational frequency difference of the fiber embedded in the matrix relative
to the fiber outside the matrix, this combination of techniques is capable of measuring the
exact stress distribution on the fiber when the sample is subjected to an overall strain.8-13
Information on the stress transfer mechanism can thus be obtained in order to evaluate the
performance of real composites. This method has proven to be extremely useful in
studying the effects of fiber/matrix interface on the properties of composite materials. With
different fiber surf"aces, the adhesion characteristics between fiber and matrix are changed.
Therefore, corresponding changes in the stress transfer ability, either represented by the
critical length or the maximum stress value on the fiber, can thus be obtained. The ability
to transfer stress efficiently is directly related to the tensile modulus of the composite.
In a previous study, we showed that the polydiacetylene fiber used can form a
strong interface to the epoxy matrix. '
' Since little can be done to improve adhesion for this
model composite, we chose a different approach to analyze the relationship between
interface properties and the overall mechanical properties by coating fibers with epoxy
release agents. Our experimental procedure and results are reported in the following
sections.
105
Experimenr?^1
ane.
The fiber used in this study is poly(2,4-hexadiyne-l,6-diol bisphenyl urethane) oi
p-HDU. The macroscopic single crystal prepared in our laboratory is fiber-like with
dimensions generally 4-15 mm long and 50-100 ^im wide. Its structure and details of the
synthesis procedure have been described elsewhere.l4 shell's Epon 828™ was used as
the epoxy matrix and diethylenetriamine was used as the curing agent. The epoxy release
coating materials used in our experiments are commercially available TFE spray which
forms a pure Teflon film when dry, the resin-bonded TFE which is a thermoplastic resin
bonded Teflon and silicone.
The p-HDU fibers are washed first with dioxane-water mixture, then with hept
The dried fiber was briefly dipped into TFE spray suspension then dried to form a very
thin film. The existence of this thin film can be seen by scanning electron microscopy and
optical microscopy as shown in Figures 5.1 and 5.2. The rough coating obtained resulted
from the fact that the TFE spray is not a solution but a suspension with particle size in the
range of several mm's. X-ray photoelectron spectroscopy was also used to characterize
both uncoated and coated fiber surfaces (Figure 5.3). Approximately 50-100 coated fibers
lined side by side taped onto transparent tape were used to obtain an XPS spectrum. Very
weak features associated with the tape can be observed. However, the disappearance of
the peak near 402 eV (Nis peak assignable to the nitrogen of urethane in uncoated fiber)
and the appearance of the peak near 686 eV (Fis peak) indicate clearly the existence of a
TFE coating. The advancing and receding contact angles of TFE film coated fibers for
water are 1 1 1° and 78° respectively, identical to the values expected for pure
polytetrafiuoroethylene. From these studies the existence of the fiber surface coating and
its chemical composition are clear. The optical micrographs of the fiber used in the
composite are shown in Figure 5.4.
106
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if
FIGURE 5.
1 SEM micrograph of p-HDU fibers: (a) uncoated fiber; (b) fiber
coated with TFE,
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FIGURE 5.2 Optical micrograph of p-I IDU fibers; (a) uncoated fiber; (b) fiber
coated witli TFE.
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FIGURE 5.4 Optical micrographs of p-HDU fiber embedded in epoxy : (a)
iincoated fiber; (b) fiber coated with TFE.
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Our study to analyze the perturbing effects of having this coating on the fiber
surface should also consider the following: 1 . The exact thickness of this coadng is
unknown, although from SEM and optical micmscopic measurements, we estimated the
thickness to be several nms; 2. The existence of the coating create two additional
interfaces, i.e. one between the fiber and Teflon and another between the mattix and
Teflon, the exact nature of which is unclear; 3. The rough coating surface shown in
Figure 5.
1
provides little infomiation regarding the matiixA-eflon interface. If the epoxy
can wet or be in molecular contact with the surface, the surface roughness may actuaUy
enhance physical adhesion. Othei^vise voids may exist in the interface. Generally
speaking, we expect the fiber/matrix interface to be weakened as Teflon has poor adhesion
to either epoxy or fiber.
The model composites were prepared similarly to previous studies by embedding
two fibers, one uncoated and the other coated with epoxy release agent, in the epoxy
matrix, then cured at 50 oC for 24 hours. The samples were mounted on a stretcher
incorporated inside a Raman spectrometer sample cell. Since the linear relationship
between the change in the carbon triple bond stretching frequency and the macroscopic
strain of the p-HDU fiber is well established, the fiber strain inside the matrix can be
obtained by the Raman technique by measuring the OC frequency change when
subjecting the composite to an overall strain. The stress distribution curve along the fiber
can also be obtained by translating the highly focused laser beam along the fiber. Our
earlier studies have shown that the stress distribution along the fiber strongly depends on
fiber shape. 12 in this case, the blunt end fibers were used. The hyperbolic cosine shape is
the basic stress distribution curve for this type of fiber. 15
The Raman spectrometer used in the experiments is a Jobin-Yvon HG.2S
instrument with a He-Ne laser(excitation wave length 6328 A). Neutral density filters are
111
used to reduce the laser power to less than 5mW at the sample to prevent fiber damage due
to laser heating.
Results anH Discu<;sinn
In our previous studies, it was estabUshed that the p-HDU fiber adheres well to the
epoxy resin.l 1 Therefore, the measurements obtained for the uncoated fiber in model
composite can be used as a calibration standard representing perfect bonding to epoxy
matrix. In the current experiment, direct comparison of frequency differences obtained for
the coated and uncoated fibers in the same composite under an external load will provide a
simple but reliable method for evaluating the effects of surface treatment on the stress
transfer efficiency. The C=C frequency changes of a TFE coated fiber with an uncoated
fiber for several strain values are shown in Figure 5.5. Although the absolute frequency of
the two fibers differ slightly (about 2 cm-l) at each strain, the frequency change from one
strain to another is identical for both uncoated and coated fibers. As the linear relationship
between C=C frequency change and fiber strain is known,16 the data in Figure 5.5 can be
replotted as a comparison of fiber strain as shown in Figure 5.6. Our data clearly indicate
that the strain in the treated and untreated fibers are identical.
Measurements obtained for the fiber strain at the mid-point of each fiber as plotted
in Figure 5.6 do not yield a complete analysis. Fibers with poor bonding at the interface
may also result in a maximum load at the mid-point of the fiber if the fiber is sufficiently
long, or at least longer than the critical length. The complete stress distribution curves
along the fiber, for both uncoated and coated fibers, were therefore also measured as
shown in Figures 5.7 and 5.8. It is clear that both fibers have nearly identical maximum
sfrain values and also nearly identical stress distribution curves.
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These results seem to contradict most expectations and some previous experiments.
It is generally accepted that the fiber/matrix interface plays a critical role in composites.
Considerable effort has been expended to enhance adhesion between fiber and matrix.18
By coating the fibers with an epoxy release agent, one of the poorest adhesion material to
the epoxy, a slippage at the interface is expected, especiaUy at high strain values as the high
interface shear stress may damage weakly bonded interfaces. Thus on lowering of
maximum stress, a longer fiber critical length, or an unusual stress distribution curve for
the treated sample are anticipated.
We also examined the effect of surface treatment on thermal stress build-up in these
model composites. The sample was fu-st cured at 100 for about 2 hours then gradually
cooled. The C=C frequency increase during the cooling process results from the
compressive stress produced due to the mismatch of thermal expansion coefficients
between the fiber and the matrix. Again, we observed no significant difference between
the two fibers(Figure 5.9), although it is expected that the thermal expansion coefficient of
the coating should affect the compressive stress on the coated fiber. Obviously, the surface
adhesion properties did not influence thermal residual stress build-up which eventually
causes compressive failure of both fibers. Our data suggest that for the relatively thin
coating appUed, the thermal residual stress buildup was dominated mostly by differences in
thermal expansion coefficients between fiber and matrix.
From the tensile stretching and thermally induced compressive stress data, the
conclusion deduced is quite simphstic. Our data suggest that surface adhesion does not
affect stress transfer efficiency along the fiber axis, which is direcdy related to the tensile
modulus in that direction for unidirectional composites. Our data thus predicts that the
tensile modulus of unidirectional composites will not necessarily be affected by the
interface adhesion, although the experiment produced detailed data clarifying the
fundamental aspects of the fiber reinforcement mechanism, more than merely presenting
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infomiation about the tensile modulus. Based on our data, an interesting issue, in fact, is
to identify the exact parameter or parameters for characterizing the interface stress transfer
efficiency. This parameter is certainly not simply due to interfacial adhesion, because even
With the epoxy release agent at the fiber surface, the model composite system still exhibits
high efficiency in stress transfer from matrix to the fiber. Parameters such as the interface
shear strength, interface modulus, friction coefficient or interface pressure were used to
represent the degree of bonding perfection at the interface.
In order to understand more fully contributions from other parameters such as
interface shear strength, we have compared our data with theoretical calculations. The
theory proposed by Coxl5 was the first and simplest to provide an analyrical solution of the
fiber load distribution. By assuming perfect interface bonding, no load transfer at fiber
ends, and elastic behavior of materials, this theory yields the following fiber tensile stress
and interface shear stress distribution curves:
Gf = Ee[l-coshp(l/2-x)/coshpl/21 (5.1)
X = l/2Eerfplsinhp(l/2-x)/coshpl/2] (5.2)
where E is fiber modulus, e is composite strain, 1 is fiber length, rf is fiber radius.
P=[H/(7n-f2E)ll/2 and H=27uGm/ln(ro/rf), where Gm is matrix shear modulus and ro is the
mean separation between fibers. For single fiber composites, ro equals half of the matrix
width.
The tensile stress distribution obtained for the uncoated fiber, identical to data of
coated fiber, and calculated distribution curves based on equations 5.1 and 5.2 are shown
in Figure 5. 10. Clearly the theoretical calculation agrees well with experimental data except
at fiber ends. The theoretical calculation assumed, perhaps wrongly, that no stress transfer
exist at the fiber ends. Good agreement between calculation and experiment allow us to
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INTERFACIAL SHEAR STRESS (MPa)
derive the interface shear stress distribution of the model composite. The distribution
curve should be similar to the one shown in Figure 5.10, with the exception that actual
shear stress at fiber ends should be lower than that calculated one due to the possibility of
load transfer. For an overall strain of ~1. 15%, the maximum interface shear stress is
approximately 34 MPa, much lower than the matrix shear strength (61 MPa).20 An earlier
study suggested that the bonding between a polydiacetylene fiber and epoxy was
sufficiently strong to support stress approxunately equal to fiber fracture stress.21.22 if
this conclusion is applicable to our experiment, the maximum interface shear stress is
smaller than either the matrix shear strength or the fiber/matrix interface strength. Failure
of either matrix or fiber/matrix interface could not occur in our experiment, even if we
increase the composite strain to 1.6%, the largest strain we have ever appUed. This
observation can be used to explain the fact that we have always interpreted our stress
distribution data to be associated with a perfect fiber/matrix interface. If a much higher
modulus fibers, such as carbon fibers, are used as a reinforcement, the maximum interface
shear stress may easily exceed the matrix shear strength or interface shear strength, even
for a relatively small composite strain. Once interface failure occurs, quite a different type
of tensile stress distribution can be expected.
If the the discussion presented above is a reasonable one for uncoated fibers used in
composite, it would also be appropriate to seek reasons for the seemly efficient transfer
mechanism for the treated fibers. Another mechanism to consider is the presence of
frictional force resulted from the radial pressure at the interface. ^'^'23 This interface
pressure was caused by the lateral contraction of the matrix during deformation but does
not necessarily include pressures generated from matrix shrinkage during the curing and
cooling. The lateral contraction during deformation may still exert pressure on the fiber
near fiber ends even though the fiber Poisson's ratio was larger than that of the matrix as
fiber strain is nearly zero at its ends. The equation obtained for tensile stress distribution
on the fiber can be expressed as follows:
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CJf = (K3/K4)eEm[l-exp(-2^iK4x/ro)] (5.3)
where E„, is matrix modulus, n is friction coefficient at the interface. The constants K3 and
K4 depend on the volume fraction of fibers, modulus of the fiber and the matrix, and their
Poisson's ratios.23
Results calculated with equation 5.3 are shown in Figure 5.1 1. Separate
calculations were carried out using a fiber Poisson's ratio of 0.39 such as the one found for
p-HDU fiber,l3 or 0.22 generally accepted for glass fibers.24 in each case, the Poisson's
ratio of the epoxy matrix was assumed to be 0.34.24 Three curves are obtained by
choosing three friction coefficients between fiber and matrix 25 The solid Une was
obtained from equation 5. 1 assuming a perfect fiber/matrix bonding for comparison.
The calculations clearly show that the efficiency of stress transfer would never
reach the maximum value obtained as compared to the perfecdy bonded transfer
mechanism, if the Poissson's ratio of the fiber is larger than that of the matrix. If the
Poisson's ratio of the fiber is smaller than that of the matrix, such as the case in glass
fiber/epoxy composites, the stress transfer efficiency can still be significant. As shown in
Figure 5. 11, the maximum stress or load on the glass fiber can still be achieved, although
the critical length is longer. The maximum tensile stress on fiber calculated from equation
5.3 should not exceed the maximum tensile stress obtained from equation 1 for the perfect
bonding conditions. They should indeed coincide when the fiber length exceeds its critical
value.
Our stress distribution data fit the calculated curve assuming perfect bonding much
better tiian the one calculated from frictional forces. The high stress transfer efficiency can
only be explained by assuming a perfect bonding, although we do not quite understand the
origin of such bonding in this particular system. If the surface of the epoxy release agent
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attains good bonding with epoxy in the composite during defonnation, so do most of the
other materials. In other words, it is apparent that the good bonding characteristics in
terms of stress transfer can be achieved easily with or without surface modification. We
had also coated siHcone fUm to on p-HDU fiber surface and the tensile stress distribution
curve was identical as for the uncoated or the TFE coated fibers.
It should be emphasized that the experimental results and the related discussions are
for thin coatings, on the order of microns. We observed an inefficient stress transfer to
fiber, as shown in Figure 5.12, if a much thicker coating was applied. The coating
material was resin bonded Teflon, making it easy to achieve a thick layer on fiber. The
thickness of the coating in this case varied from one third to two times of the fiber diameter
(~30-150|im). This interface is more appropriately defined as an interphase between fiber
and matrix. The mechanical properties of this layer and the adhesion between fiber/coating
and matrix/coating should be important in determining the stress transfer or the overall
mechanical properties.
In order to have a quantitative understanding the effect of the interface we study in
more detail about the effect of coating thickness on the stress transfer efficiency. The
tensile strain distributions on both fiber, coated and uncoated, are measured at the same
applied strain value. The thickness of the coating varied from 2 to 80 microns. Figure
5.13 shows the experimental results. For a very thin coating (2|j.m) the difference between
coated and uncoated fiber is negUgible. When the coating increases to 10 |im the tensile
strain distribution changes. The strain near fiber end is obviously lower but the maximum
strain is still the same for both fibers. Further increase of the coating (to 30 and 80 jim)
not only changes the shape of the distribution curve but also affects the maximum strain
reached in the middle of the fiber. The thicker the coating the lower the stress transfer
efficiency. This leads to a conclusion that the Teflon coating itself will not cause slippage
at fiber/matrix interface under the external load, however the bulk mechanical property of
coating material will play an important role. Considering there are no special interactions at
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the two interfaces ( epoxy/Teflon and Teflon/p-HDU fiber) to form a strong bonding we
can say that fiber surface modification to enhance interface adhesion is not necessary as far
as the tensile stress transfer (or modulus in fiber axis direction) is concerned.
Conclusions
In this study, our interpretation of a perfect bonding at fiber/matrix interface, with
or without any kind of coating or other surface modification, is applicable to the transfer
process which only affects the composite tensile modulus in fiber axis du-ection. The
actual nature of bonding and interface strength may be different for different systems.
Differences may also be seen in other mechanical properties such as the composite shear
strength, the off-axis tensile modulus or strength, the toughness and the resistance to the
environment.
In this study, the interfacial effects on the stress distribution in model composites
have been examined. Composites containing fibers with a coating of matrix release agents
still can be used effectively. This observation indicates that the tensile modulus in the fiber
axis direction will be unaffected by the surface treatment of fiber, even if poor interface
adhesion exists. Experimental data agree well with Cox's theoretical calculation for a
perfectly bonded composite. Calculated results of stress distribution caused by frictional
force at the interface showed a lower stress transfer efficiency and did not agree with
experimental data.
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CHAPTER VI
FINITE ELEMENT ANALYSIS OF MODEL COMPOSITF WITHANISOTROPIC REINFORCEMEOTPOLyS nBE^
Introduprion
Recently spectroscopy has been used to study the micromechanics of discontinuous
fiber composites, mainly by measuring the tensile strain distribution along reinforcement
fiber. 1-8 This technique was first used for the study of polydiacetylene fiber model
composites, and later applied to other commercial fibers as well. In previous studies9-l2
we have investigated various effects, such as thermal residual stress, fiber geometry, fiber
orientation and fiber surface modification on the performance, especially the tensile stress
transfer efficiency in the model polydiacetylene fiber/epoxy matrix composites. In the
previous chapters we have used several theoretical calculation to compare and explain those
experimental observations. Although the results of those treatments were quite satisfactory
the limitation of these models are very obvious. Usually each model only deals with one
specific problem, lacking intrinsic connection between them. Also those models basically
apply to relative simple situations they may either fail or involve much more treatment to
deal with complicated cases. Certain assumptions are usually needed in order to use these
models making it is difficult to critically judge the calculated results.
One of the main concerns is the anisotropy mechanical behavior of the fiber used in
the experimental studies, while most of models, such as the shear-lag model, only dealt
with isotropic fiber composites. The study of anisotropic fiber composites has more
general application for understanding the micromechanics of composites simply because in
most high performance fiber composites the anisotropic polymeric fiber, such as aromatic
pplyamides (Kevlar) and carbon fiber, are used as reinforcements. Attempts to find a
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simple analytical solution for this kind of probletn encounter many difficulties because of
the complexity of the system.
In this study we use the finite element method to analyze the experimental data
obtained for the model composite system. Finite element method was first used to study
model isotropic discontinuous fiber composites approximately twenty years ago.l3
Various interesting problems were studied. More recently the finite difference method has
also been applied to similar system and the calculated results were quite consistent with
finite element analysis. 14 Our interest in using finite element method in this study
driven by two considerations. The first one is that no earlier studies mentioned have
considered the anisotropic reinforcement fiber composites which have broad application
and in general one cannot use earHer calculated results. The second and more important
reason is to try to use finite element analysis to confrnn fiber end effects and fiber surface
coating effects obtained by Raman-mechanical spectroscopic studies for anisotropic
polydiacetylene fiber composite. Earlier finite element analysis did not either specifically
address the problem (coating effect) or provide the necessary solution needed to compare
with experimental data (end effect), even for the case of isotropic fiber.
are
ever
Finite Element Analvsis
Background
The original idea of FEM may go back about a hundred years ago. Only the
development of computer technology made it possible to become a very valuable,
powerful, and practical method to solve engineering problems. There have been a very
broad applications for FEM such as stress and strain analysis, heat transfer, flow problems
and so on,!^'!^ since it was first applied to structure analysis in aircraft industry about
forty years ago.^^
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The basic concept of the finite element method is the idealization of the actual
continuum as an assemblage of a finite number of discrete structural elements,
interconnected at a finite number of joints or nodal points. For this purpose, the finite
elements are formed by figuratively cutting the original continuum into a number of
appropriately shaped pieces, retaining in the elements the properties of the original material
In the analysis, these assumed structural elements are entirely equivalent to the beams and
girders of an ordinary ft-amed structure; the analysis process consists merely in the normal
operations of satisfying compatibility and equilibrium conditions at the nodal points.
The principal objectives of our finite element analysis are to deal with the problems
related to the experimental observations mentioned in the above section to directly compare
calculated results with experimental data. The comparison will let us make critical
judgments regarding calculated results. Finite element analysis will also provide
information which is not available by the Raman-mechanical spectroscopy.
Elastic Constants of Polvdiacetvlene Fiber and Matrix
Polydiacetylene obtained from solution crystallization of monomer single crystal
followed by solid state polymerization under the radiation of UV or y-ray forms a single
crystal with fiber-like shape or other shape as well. The mechanical properties of
polydiacetylene fiber are believed to be highly anisotropic. This is because in the crystal
lattice the covalent bond is formed in the polymer chain direction while only secondary
force (van der Waals interaction and hydrogen bonding) exists between polymer chains.
Although the only modulus available in the literature^^-'^ is the modulus in fiber axis
direction the weak bonding in the direction perpendicular to fiber axis direction can be
easily seen in the process of handing the sample in the experiments: Fiber is readily
fibrillated.
The lack of a complete description of elastic constants makes it difficult to analyze
this anisotropic fiber/composite system accurately by finite element method. However by
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considering the structural similarities between polydiacetylene fiber and other highly
anisotropic materials such as polyamide fiber, carbon fiber or wood we can estimate the
reasonable range of the ratios of the modulus in chain direction over the moduli in other
directions as well as Poisson's ratios. For p-HDU fiber the modulus in fiber axis
directionlS is 45 GPa and the lateral shrinkage caused by extension in fiber axial
direction!
'
has been estimated to be 0.39. If we assume that the fiber is a linear elastic and
orthotropic material with nine independent elastic constants, then the other seven constants
(in addition to the modulus and the Poisson's ratio) are unknown. In this study we use the
anisotropy ratio of other materials, such as polyamide fiber20 and wood21.22 (^e choose
wood because it is the only highly anisotropic material whose complete elastic constants are
available), and scale them to obtain those unknown elastic constants of p-HDU fiber. The
constants obtained by this way are quite arbitrary. However it does reflect the anisotropic
properties of p-HDU fiber and it more accurate and closer to the true values than the values
found by assuming the material is isotropic.
The matrix and coating materials are considered to be isotropic. In the case of
introducing empty elements, a very small elastic modulus is used. The elastic constants for
anisotropic fiber are listed in Table 6.1 and all the other isotropic elastic constants used in
this calculation are listed in Table 6.2.
Table 6. 1 Elastic constants of anisotropic fiber.
Tensile modulus (GPa) Shear modulus (GPa) Poisson's ratio
Ex 4.9 Gxy 3.6 Vxy 0.39
Ey 45 Gyz 2.9 Vyz 0.025
Ez 2.5 Gxz 0.9 Vxz 0.2
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The directions of x,y and z in the subscripts of these constants are explained in the
next section. The first index of the subscript refers to direction of deformation and the
second index refers to direction of applied stress (this notation is used by the computer
program used in the finite element calculation, however it is opposite to general accepted
convention). There are six Poisson's ratios for orthotropic material, however only three
are independent. The moduli of elasticity and Poisson's ratios are related by the following
expressions: Vij/Ej = vji/Ei, i j; i,j = x,y,z.
Table 6.2 Elastic constants of isotropic materials.
Materials Tensile modulus (GPa) Poisson's ratio
fiber 45 o.39
matrix 4 o.34
coating 0.6 0.35
empty element 1.0x10-^5 o.35
Finite Element Model
The model we choose to analyze is axial symmetric problem, in which both fiber
and model composite are assumed to be cylindrical. Although this geometry is not exactly
the same as our experimental condition, in which the cross sections of both fiber and model
composite sample is more like rectangular shape, this simplification will allow us to
analyze the problem in much more detail than three dimensional analysis because much
less computer memory and CPU time is needed for an axial symmetric problem than for a
three dimensional problem. Our initial calculation indicate that the error caused in fiber
tensile stress by this simplification is less than 5% .
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Figure 6.1 shows the dimensions of the model composite for finite element analysis
which is normalized with a length unit in fiber diameter d. Because of the axial employed
symmetry only one quarter of the model needs to be analyzed. The global coordinate
system is also shown in Figure 6.1. In this coordinate system the origin (0,0) is located at
the fiber end along the fiber axis. The longitudinal distance (y value) changes fi-om -10 to
20 while the radial distance (x value ) from 0 to 10. The two boundary lines that separate
fiber and matrix for the uniform diameter fiber, and which applies to most cases in this
study, are x=0.5 and y=0. Ahhough only the x-y plane (redial and axial dkections) is
shown in Figure 6.1 there is a third axis (z axis) in this coordinate system i.e. the tangent
direction. All the components of stress, stain and displacement in the hoop direction can be
obtained as well. The finite element mesh of the area under the dashed line in Figure
6.1(b) is shown in Figure 6.2 where the x axis is enlarged 10 times. This finite element
mesh is used for all the problems treated in this study. For the fiber with uniform diameter
(blunt end) the dark line in Figure 6.2 indicates the boundary between fiber and matrix.
For tapered end fibers the boundary is shown by an inclined line and part of a vertical dark
line. Most of elements are rectangular, however triangular elements are used near the
incline line which form part of the boundary between fiber and matrix for the tapered end
fiber. In the studies of fiber surface coating and boundary conditions the elastic constants
of coating ( or even empty elements) are assigned to the elements near the fiber/matrix
boundary. The entire analytical model contains 1634 nodes and 1580 elements. The
external load is applied to the model composite by assigning displacement values to the
nodes at the boundary of the model composite. In this study an applied strain of 1% in the
fiber axis direction is used in all cases. The computer program used in this calculation is
ANSYS developed by Swanson Analysis System Inc. implemented on the CDC Cyber 180
Computer model 830 at the University of Massachusetts computing center. The CPU time
for a single problem is about 200 seconds.
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FIGURE 6.1 Schematic drawing of a model composite: (a) physical
dimensions; (b) global coordinates.
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Results and Discussion
Effect of Anisotropic Properties of Fiher
Because highly anisotropic fiber is used in both experiments and finite element
calculations it would be very interesting to examine the effects of this anisotropy on the
stress or strain distributions in the model composite. To have such a comparison the finite
element calculation for isotropic fiber is also performed. Figure 6.3 shows the tensile
strain distribution for both anisotropic and isotropic fibers. It also demonstrates the radial
dependance (x=0.013 is close to the center of fiber where x=0 and x=0.45 is close to the
fiber surface where x=0.5). The results are as expected; the strain near the fiber end is
small and gradually increases towards the middle of the fiber. At a distance corresponding
to the critical length the strain essentially reaches a plateau value which is quite close to, but
always smaller than, the applied strain (1%). This strain distribution is generally true for
both anisotropic and isotropic fibers and also uniform across the fiber. The major
difference between anisotropic and isotropic fibers occur near the fiber end. For the
isotropic fiber there is a small up-tum at the very end of the fiber, whereas for the
anisotropic fiber it is continuously decreasing toward the fiber end, indicating that the end
strain of the isotropic fiber is larger than the anisotropic fiber. Fiber surface strain also
seems to be slightly higher than at the center part of the fiber. In contrast to the assumption
made in the shear-lag model where the strain at the fiber end is zero, the strain at the fiber
end in this system is quite large, almost 40-60% of the applied strain depending on the
redial position at fiber end. This large end strain seems to be positive if we relate it to the
load on the fiber, i.e. it indicates higher stress transfer efficiency. However, as we can
imagine all the end strain is transferred through the matrix near the fiber end which means
that part of the matrix will have very high strain value as well, much higher than the applied
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strain (1%). This is indeed the case as shown clearly in Figure 6.3. The maximum matrix
strain near fiber end can be more than 2.5 times the applied strain. This highly stretched
matrix has a high potential for failure.
The longitudinal tensile stress distributions are shown in Figure 6.4. Both
anisotropic and isotropic fibers have similar distributions. The tensile stresses increase
continuously from one end of the sample (y = -10) to the middle of the sample (y = 20)
with a sharp transition near the fiber ends (y = 0). In this region the matrix has higher
stress than other parts and the fiber has lower stress than the middle of the fiber. A small
difference between anisotropic and isotropic fibers can be seen near fiber ends from the
relative slope from matrix to the fiber. This difference can be explained by the fact that the
moduli perpendicular to the fiber axial direction of an anisotropic fiber are much closer to
the modulus of the matrix The moduli of the isotropic fibers in all direction are equally
high, much higher than matrix. The longitudinal distribution of interfacial shear stress is
shown in Figure 6.5. We observed similar phenomenon as we see in the tensile stress
distribution. Anisotropic fiber shows better continuity near the fiber end than the isotropic
fiber. The maximum interfacial shear stress is much smaller for the anisotropic fiber than
for the isotropic fiber (47.5 versus 67.7 MPa). This is certainly a positive effect if we
consider that the lower interfacial shear stress will reduce the possibility of interfacial
failure.
Figure 6.6 shows the radial distribution of the maximum principal stress of the
matrix at different positions in the sample for both anisotropic and isotropic fibers. The
maximum principal stress is a better parameter than tensile stress in the stretching direction
when considering the stress concentration problem. It gives the maximum stress value at
any position regardless of the principal direction of this particular position. The basic
feature shown here is the stress concentration in the matrix near the fiber end. The
maximum stress at the matrix contacted to the fiber end can be as high as 128 MPa, more
than 3 times the applied stress (about 40 MPa). This stress concentration will decrease
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rapidly as a function of distance from the fiber end. At the distance (in longitudinal
direction, y ) about 2 tirr^es of fiber diameter no obvious stress concentration effect can be
seen. Even at the position very close to the fiber end (very small absolute y value) the
uneven radial distribution of stress is only seen at radial distance smaller than 1 .5 times the
fiber diameter (x < 1.5). This indicates that the stress concentration is located within a very
small area near the fiber end. However this small area is capable of causing serious failure
due to the stress concentration.
Figure 6.7 shows the radial distribution of fiber shear stress at different positions
along the fiber. As expected, shear stress along the fiber axis (x=0) is close to zero, even
at the distance not too far away from fiber end (y > 2.5). The only significant shear stress
build-up is on the fiber surface near the fiber end. Comparing anisotropic and isotropic
fibers, the latter shows a higher shear stress, which is consistent with what we observed in
the previous figures.
Fiber End Effect
In the section above we have presented a relatively complete picture describing
various stress and strain situations in model composite, for both anisotropic and isotropic
fibers. The main problem associated with various the fiber end effects include negative
aspects: lower tensile stress on the fiber near the fiber end means lower stress transfer
efficiency; higher stress concentration at the matrix and interface near the fiber end may
cause possible failure. In our earlier study we found a sharply tapered end improves
stress transfer efficiency. However, no conclusion about other aspects (high stress
concentration) had been reached. In this study we embedded two fibers, one blunt end and
one tapered end, in the same model composite sample and measured tensile strain
distribution on both fibers under a certain extemal load. At the same time, the finite
element analysis, using almost exact experimental condition, was performed.
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The experimental results obtained from previous Raman-mechanical spectroscopy
are shown in Figure 6.8. The frequency change represents fiber strain in the fiber axial
direction. It is clear that the tapered end fiber has almost uniform strain distribution. On
the other hand the blunt end fiber shows similar fiber tensile strain distribution as calculated
from finite element analysis for anisotropic fiber shown in Figure 6.3.
The finite element calculation for anisotropic tapered end fiber is shown in Figures
6.9-6.12. The corresponding results for isotropic tapered end fibers are very similar to
anisotropic ones and will not be presented. As can be seen in Figure 6.9, the longitudinal
tensile strain distribution is quite uniform throughout the entire sample, from matrix to
fiber, even near the fiber end. This tensile strain distribution agrees well with the
experimental data shown in Figure 6.8. The tapered end fiber does have higher stress
transfer efficiency. Most importantly, the stress concentration problem near the fiber end
in the matrix and at the fiber/matrix interface is also eliminated as shown clearly in Figure
6. 10 and 6. 1 1
.
All of these plots are on the same scale as those plots for the anisotropic
blunt end fiber. Figure 6. 12 shows the radial distribution of the matrix maximum
principal stress. The largest value is only about 20% higher than the applied stress while in
the case of the blunt end this value is more than 300%.
The problem regarding this inefficient stress transfer through the fiber end for the
blunt end fibers can be treated quantitatively. If we integrate the curve of fiber tensile
stress versus longitudinal distance shown in Figure 6.4 and calculate the area under the
curve, we find that the end loss is about 10.8% as compared to a continuous fiber
composite. This loss is equivalent to shortening the fiber by 4.3 fiber diameter unit. The
significance of this 4.3 depends on the fiber aspect ratio. For the fiber with an aspect ratio
of 100, loss of 4.3 units means a loss of 4.3%. However if the fiber's aspect ratio is 10
then the loss will be 43%. With the tapered end fiber this loss can be minimized.
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If the end effect on fiber tensile stress distribution only concerns the stress transfer
efficiency and can be ignored if the aspect rario of fiber is large enough Then the end effect
on the matrix stress and interfacial shear stress concentration can be more serious; it can
cause either matrix or interfacial failure. In this sense the advantage of a tapered end fiber
is significant.
Effect of Matrix MoHiilii<^
The longitudinal stress transfer efficiency usually can be characterized by the critical
length of the reinforcement fiber although the concept of critical length itself is not well
defined. One definition is that the critical length is the fiber length required to reach the
applied strain. As we know this is impossible as long as the modulus of fiber is larger than
matrix, which is always the case; we use another accepted definition that the critical length
is the fiber length required to reach 97% of the applied strain.14,23 However this definition
is quite arbitrary and has no definite physical meaning. The critical length can be estimated
by Raman-mechanical spectroscopy as shown in Figure 6.8. The error of the experimental
measurement sometimes is quite large, for example the critical length measured for this
system varies from 15 to 24. This is because the data points along the fiber are not dense
enough to show exactly at which point the strain reaches 97% of apphed strain but mainly
because of the fluctuation of frequency change on the same fiber or from sample to sample.
However measured values are still close to the one obtained by finite element calculation,
which is 23.
The most important parameter affecting the critical length is the longitudinal
modulus difference between fiber and matrix assuming the boundary condition between the
fiber and matrix is perfect. Figure 6. 13 shows the fiber tensile stress distribution curve for
three different longitudinal moduli ratios for an anisotropic fiber composite. It is clear that
the larger the ratio the longer the critical length. If the ratio is 45 for a fiber with aspect
163
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ratio of 40 the tensile strain on the fiber never reaches 97% of applied strain. Figure 6.14
shows the fiber critical length as a function of longitudinal moduli ratio between fiber and
matrix. The curve fits well with a third order polynomial function. It differs from the
linear function obtained earlier by finite difference methodic mainly because the zero
critical length should be at the Ef/Em equal to 1 instead of 0.
The tensile strain distribution curve is shown in Figure 6.15. The large strain in the
matrix near the fiber end caused by stress concentration is quite serious, especially for a
large Ef/Em ratio. For a ratio of Ef/Em 45, which is not uncommon (carbon fiber and
epoxy matrix system is an example), will cause the matrix strain near the fiber end to be
more than four times the applied strain. We can expect that the matrix failure is the most
likely failure mode of high modulus short fiber composites.
Effect of Fiber Surface CnnHng
In our previous study, we have observed the effect of coating thickness on the
stress transfer efficiency as shown in Figure 5.13. For a very thin coating (2|im) the
difference between coated and uncoated fiber is negligible. When the coating increases to
10 fim the tensile strain distribution changes. The strain near the fiber end is obviously
lower but the maximum strain is still the same for both fibers. Further increase of the
coating (to 30 and 80 |im) not only changes the shape of the distribution curve but also
affects the maximum strain reached in the middle of fiber. The thicker the coating, the
lower the stress transfer efficiency. This leads to a conclusion that the Tefion coating itself
will not cause slippage at the fiber/matrix interface under the external load, however the
bulk mechanical properties of the coating material will play a important role. Considering
there are no special interactions at the two interfaces ( epoxy/Teflon and Teflon/p-HDU
fiber) to form a strong bond we can say that fiber surface modification to enhance interface
adhesion is not necessary as far as the tensile stress transfer (or modulus in fiber axis
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direction) is concerned. However it may be very important to improve the transverse
properties or some other properties.
To further understand the effect of coating thickness finite element analysis of this
coated fiber composite is performed. The mechanical properties of the coating material are
assigned to the element at the matrix/fiber boundary (both lateral and end). The mechanical
properties of Telfon strongly depend on the density and crystaUinity of the sample. The
elastic constants (isotropic) used in this calculation are elastic modulus of 0.6 GPa and
Poisson's ratio of 0.35. Compared to the matrix (E=4 GPa) this is a soft coating. Figure
6.16 shows the fiber tensile strain distribution for four different ratio of t/d (0.04, 0.2, 0.5,
and 1.5), where t is the coating thickness and d is the fiber diameter. These four different
thicknesses are close to the four experimental values in Figure 6.17. It is clear that the
mechanical properties of the soft coating will affect the tensile strain distribution curve.
The thicker the coating the lower the stress transfer efficiency; similar trends as observed in
experiments. However the effect is much less severe, for example even if the t/d equals
1
.5 the maximum strain in the middle of fiber is still close to the uncoated value while in
experiment it is less than half of the uncoated value.
There may be two possible reasons to explain the difference between calculated and
experimental results. The first one may be because of the modulus of coating used in the
calculation is incorrect and should be smaller. In order to verify this, we repeat the
calculation by using the coating modulus to be one order of magnitude smaller with no
significant improvement. The second possible reason is that some failure may occur in
experiments, especially for thicker coating, while that never happens in the calculation.
Figure 6.17 shows the interfacial shear stress distribution for two different coating
thicknesses (t/d=0.2 and 1.5) as well as uncoated fiber. They apparently have similar
maximum interfacial shear stresses, both are lower than the uncoated system because of
soft coating. This means that the increase in coating thickness will not increase the chance
of interfacial failure. The only possibility is that the increase of coating thickness will
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increase the chance of coating material bulk failure. This conclusion seems reasonable
because the coating film on the fiber surface is never as intact as the film produced by other
methods. Even for thin coating there are defects. For the thicker coating many more
defects will be introduced and it will be much easier to have bulk failure. AcUially the
sample size dependence of strength is a general phenomenon because strength is
determined by defect and large size sample is likely of introducing more defects. For
example polydiacetylene fiber itself behave that way, i.e. the large the fiber diameter the
smaller the fiber fracture stress and the strength. 15,16
Failure Process in Model Composifp.
In the study of fiber coating effect we find it quite surprising that when the modulus
of coating become very very small tiie fiber strain is still reasonably large. To further
investigate this phenomenon a very thin layer of empty elements (the modulus of this type
of element is 1.0 x 10-^5 cPa) is introduced along the fiber/matrix interface. The empty
elements may by located at fiber end or fiber lateral surface or both. The results are
compared with the no empty element situation. Figure 6.18 shows the longitudinal tensile
sG-ess distribution and Figure 6.19 the tensile sti-ain distribution. If empty elements cover
the entire fiber surface, both lateral and end, then the matrix does not recognize the
existence of the fiber and the fiber stress is zero, as expected.
If only the end has empty elements, i.e. no sti-ess is transferred through fiber end (a
assumption in shear-lag model) the tensile stress distribution is similar to no empty element
system except two differences; one is that there is no stress concentration in the matrix near
the fiber end, another is that the fiber end tensile stress is zero. It seems that no serious
problem will arise if only the matrix at the fiber end is broken, which is very likely to occur
as discussed in the earlier section regarding one of the problems of blunt end fiber, i.e.
high matrix stress concentration near the fiber end. However no load transferring through
the fiber end will lead the matrix at fiber/matrix interface to do the work left behind and this
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will cause even an higher interfacial shear stress concentration near the fiber end,
worsening the other main problems of blunt end fiber. That is indeed the case as shown in
Figure 6.20 where the maximum interfacial shear stress of the broken end is nearly
doubled compared to the unbroken end. High interfacial stress concentration may cause
fiber/matrix interfacial failure and this failure is expected to propagate along the interface
until the entire lateral interface is broken. The situation wiU become similar to the one
where both end and lateral have empty elements. The matrix will not feel the existence of
the fiber.
In the case where the empty elements are introduced along the lateral surface of the
fiber surprisingly the tensile stress on the fiber is still quite large (80% of the maximum
tensile stress of perfect bonded fiber) and also very uniform except at the very end of the
fiber. However the matrix stress concentration near the fiber end is very serious because
all the stress transferred to the fiber is through the fiber end, as also shown in Figure 6.19
(tensile strain distribution) where the tensile strain in the matrix near the fiber end can be
more than 4 times the applied strain. Some questions we may have for this situation are
that if only the end can transfer load why is the fiber stress not completely uniform along
fiber and why can the fiber have higher stress (0.37 GPa) than the matrix (0.2 GPa).
Figure 6.21, showing the radial distribution of matrix maximum principal stress at several
different longitudinal positions, will answer these questions as it shows that the matrix
immediately connected to the fiber end (at y/d=-0.1) has very uneven stress distribution.
Although the stresses in most of that part are relatively uniform (0.2 to 0.25 GPa), about 5
to 6 times higher than applied stress (0.04 GPa), at the comer (y/d=-0.1, x/d=0.5) the
stress can be more than 10 times the applied stress. This value (0.42 GPa) is even higher
than the fiber tensile stress. This radial distribution of matrix stress near the end causes the
uneven radial distribution of the fiber tensile stress near the fiber end as shown in Figure
6.22, as well as the fiber tensile stress distribution. It also explains the values of fiber
tensile stress. This higher stress concentration at the comer or even the stress values on the
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other part of the tnatrix near ti,e fiber end wUl inevitably cause matrix failure. The matrix
then loses the only connection to the fiber. The situation again becomes the same as when
both end and lateral surface of fiber are fUled with empty elements. The fiber stress and
Strain will be zero and the composite failure.
The failure process in the model composite can be speculated from the above
discussion. The high stress concentration near the fiber end in the matrix or at the
fiber/matrix interface of the blunt end fiber (which is the type of fiber used most) wHl
introduce "empty elements" at either the fiber end or the lateral surface. If the empty
elements are near the fiber end (empty end) they will worsen the stress concentration
problem at the lateral surface and vice versa. The common consequence of these two
possibilities is the failure of the entire fiber/matrix interface which may lead to composite
failure. Another failure mode is fiber failure however this is not a problem because the
composite ah-eady reached its limit. To prevent this kind of failure we should use a
stronger fiber or a smaller load.
The only position at the fiber/matrix boundary where one can introduce empty
elements without serious consequence is near the middle of fiber. The fiber tensile stress
there is almost the maximum value while the interfacial shear stress is nearly zero and no
interaction exists between fiber and matrix.
Conclusions
The comprehensive study of a model anisotropic reinforcement fiber composite by
finite element method reveals many important characteristics of this system. One of the
most interesting observations is the effect of fiber geometry, i. e. the advantage of tapered
end fiber over blunt end fiber. The calculated results agree well with experimental data.
Although the finite element calculation did not provide any explanation of the origin of the
interfacial bonding, it does explain the effect of coating thickness observed in the
181
experiment, atmbuting it to .he bulk failure of the coating material itself. Tltese two results
have practical meaning and potential applications. If only the properties of the model
composite in the fiber axis direction are concerned with the difference between anisotropic
fiber and isotropic fiber are not very significant.
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CHAPTER VII
RECOMMENDATIONS FOR FUTURE WORK
r
The comprehensive study by both experimental measurements and finite element
analysis presented in the previous chapters has enhanced our understanding of
discontinuous fiber composite. Although as far as this particular model composite system
is concerned this study is quite complete, there are still many questions worth further
pursuing to deepen knowledge about this very important material. In the foUowing three
sections some questions have been considered for the further studies, however they are by
no means the only questions remaining.
Multiple Fiber MoHpI Composites;
In the previous study a single fiber model composite has been used. The
advantages of studying this model system are that with this model each individual factor
concerned can be isolated and its contribution to the composite properties can be carefully
investigated. Also there are also many existing theoretical analyses developed for such
models which provide information to explain experimental observations. The single fiber
model composite is an extremely well defined model and very easy to be made in
experiments. The main shortcoming of this model is that it does not reflect the fiber-fiber
interaction. It is probably too simple to be used to simulate a real composite system in
which the fiber volume fraction can be as high as 70%. If we want to obtain information
more closely related to real composites a more complicated model is needed.
Because of the high spatial resolution achieved by the Raman-mechanical
spectroscopy it is quite possible to study a multiple fiber model composite with this
technique; for example, a model composite containing two to five fibers with designed
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separation distances. They may be aligned in parallel or in a head-to-head configuration.
The strain distribution on each fiber can be measured. With such a system the strain
distribution of the center fiber affected by the strain field of the surrounding fibers can be
examined although the effect may be very small. The effect on the matrix can also be
observed by using optical microscopy and birefiingence measurements. Most of the
studies carried out in the previous chapter can be transferred to this multiple fiber model
with a carefully designed experimental procedure. The experimental results can be
compared with those of single fiber model composite as well as some theoretical studies.
Large Deformation of Model Cnmpn^^itf
ter
The studies by Raman-mechanical spectroscopy presented in the previous chapt(
were focused on the relatively small overall composites strain because of a brittie epoxy
resin (Epon 828™) used in the studies. The conclusions obtained therefore only apply to
the deformation and the stress transfer processes of composites at a very initial stage. The
only composite properties which can be predicted from those studies is the stiffness or
initial modulus of the material. However it is by no means that this highly successful
Raman-mechanical spectroscopy only can be used in a very limited cases. Actually it is
very practical and also meaningful to extend this technique to a much broader study, for
example the process of failure in composites.
By using a more flexible matrix we will be able to observe the stress transfer
process at a much later stage. Although in practice the overall composite strain is quite
small in most applications use of a softer matrix actually can "enlarge" the failure process
and enable us to look at a later stage of composite deformation in much more detail. At that
stage the stress distribution curve should demonstrate certain characteristics associated with
the phenomenon such as the failure of the fiber, of the matrix near fiber end, and of the
fiber/matrix interface because at very large strain the tensile stress on the fiber may be close
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to or exceed the fiber tensile strength and also the inteifacial shear stress may exceed the
strength at the fiber/matrix interface. The fiber surface modification either by coating or
chemical reaction will demonstrate how the interfacial bonding or adhesion affect the failure
process and thereafter the composite strength. The fiber fragmentation at a large overall
composite strain wiU provide an excellent comparison between the fiber critical lengths
obtained from fragmentation data and those from Raman-mechanical spectroscopy
measurement. These data probably wiU reveal the complicated nature of the relationship
between the well defined reinforcement mechanism and the statistically controUed failure
process.
In brief, the extension of Raman-mechanical study to the large deformation will
provide us with very useful information about the strength and the failure process of
composites. Combined with earlier results we wUl have a much deeper and more
comprehensive understanding of discontinuous fiber composites.
Computer Simulation hv Finite Rlement Method
From Chapter VI of this dissertation it is clear that the finite element method is a
very useful method to analyze the discontinuous composite. The questions mentioned in
the previous two sections of this chapter can be easily analyzed by finite element method
too. However, besides those studies related to experimental observations a computer
simulation of finite element method can be designed to monitor the deformation process up
to the final failure stage. By inputting the proper ultimate properties of matrix and fiber it is
not difficult to locate the potential failure position in the composite by designing the
geometry of failure structure and using it as an initial structure for further deformation.
The resultant stress or strain field will further indicate the propagation of the failure or
cracks. This type of computer experiment can be started with relatively simple system and
later developed to more complicate and more real system. This is only a example of what
187
the finite element method can do. There is no doubt that the computer simulation can
greatly enhance our knowledge about the problems we are interested in. However to
achieve this goal is very much dependent on our creative thinking and imagination.
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